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RESUMO

As préticas da pecuaria extensiva nos ecossistemas naturais podem reduzir a capacidade de
regeneracdo da vegetacdo e induzir ecossistemas a estados permanentes de degradacéo,
especialmente em areas de florestas secas onde essas praticas sdo constantes e garantem a
subsisténcia de populacdes humanas. Esta tese aborda o efeito de caprinos criados
extensivamente na Caatinga, o maior bloco de florestas secas da América do Sul, através de um
experimento de exclusdo destes grandes herbivoros para verificar seu impacto nos mecanismos
de regeneracdo (i.e., banco de sementes e banco de plantulas). O estudo foi realizado em 14
pares de parcelas de 20 m x 20 m, cada par constituido de uma parcela de livre acesso e outra
onde os caprinos foram excluidos h& cinco anos atraves de cercas. Os resultados do primeiro
manuscrito indicaram um banco de sementes pouco denso (14 sementes/m?2), empobrecido
taxonomicamente (24 espécies) e de curta duracdo, ndo havendo efeito de caprinos nesse
mecanismo de regeneracdo quanto a proporcdo de sementes viaveis, diversidade alfa ou
diversidade beta. Adicionalmente, a sobrevivéncia observada de plantulas de quatro espécies
arbéreas nativas da Caatinga adicionadas experimentalmente nas parcelas de excluséo (68.4%)
foi maior que daquelas adicionadas nas parcelas de livre acesso (39%), indicando um efeito
mais forte e negativo desses animais sobre plantulas que sobre sementes. O segundo manuscrito
reporta, também, um forte efeito negativo dos caprinos sobre plantulas. Acompanhando a
dindmica natural de plantulas de espécies arbdreas ao longo de cinco anos foi verificada uma
baixa densidade de regenerantes (0.8 plantulas/m?). Observamos que 0s caprinos impactam
negativamente a assembleia de plantulas, através do aumento da mortalidade (2.3 vezes maior
gue em areas de exclusdo) e da diminuicdo da diversidade alfa e beta, embora mudancas no
recrutamento de novos individuos ndo tenham sido observadas. Esses resultados indicam que
caprinos podem alterar processos de regeneracdo em florestas secas, diminuindo a capacidade

de resiliéncia principalmente associada ao estabelecimento de plantulas.

Palavras-chaves: florestas secas; recrutamento; mortalidade; banco de sementes.



ABSTRACT

Extensive livestock in natural ecosystems can reduce the ability of vegetation to regenerate and
induce ecosystems to permanent states of degradation, especially in areas of dry forests where
these practices are constant and guarantee the subsistence of human populations. This thesis
addresses the effect of goats raised extensively in the Caatinga, the largest block of dry forests
in South America, through an experiment to exclude these large herbivores to verify their
impact on regeneration mechanisms (i.e., seed and seedling bank). The study was carried out in
14 pairs of 20 m x 20 m plots, each pair consisting of an open-access plot and an exclusion plot
in which goats were excluded five years ago with fences. The results of the first manuscript
indicated a low-density seed bank (14 seeds/m?), taxonomically impoverished (24 species), and
short-lived in the soil, with no effect of goats on this regeneration mechanism regarding the
proportion of viable seeds, alpha diversity, or beta diversity. Additionally, the survival of
seedlings of four tree species native to the Caatinga experimentally added to exclusion plots
(68.4%) was higher than that of seedlings added to open access plots (39%), indicating a
stronger and negative effect of these animals on seedlings. The second manuscript also reports
a strong negative effect of goats on seedlings. Following the natural dynamics of seedlings of
tree species over five years, a low density of regenerants (0.8 seedlings/m?) was observed. We
observed that goats negatively impact the seedling assembly, through increased mortality (2.3
times higher than in exclusion areas) and decreased alpha and beta diversity, although changes
in the recruitment of new individuals were not observed. These results indicate that goats can
alter regeneration processes in dry forests, decreasing the resilience capacity mainly associated

with the establishment of seedlings.

Keywords: Dry forests; Recruitment; Mortality; Seed Bank.
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1 INTRODUCAO

Em todo o mundo, areas de florestas tropicais tém sido impactadas por grandes
mudancas no uso da terra que induzem o desmatamento e podem levar os ecossistemas a niveis
crescentes de degradacdo. A degradacdo dessas areas, por sua vez, se traduz na diminuigéo ou
restricdo de processos ligados a regeneragdo, 0 que pode entdo comprometer a provisdo dos
servicos ecossistémicos. A pecudria extensiva tem sido descrita como uma das maiores
atividades de uso da terra, criando renda e alimento para bilhdes de pessoas. No entanto, os
impactos dessas atividades podem reduzir a capacidade da vegetacdo de se regenerar

naturalmente.

De forma geral, grandes herbivoros sdo apontados como um dos principais fatores
afetando a dinamica de plantas através da reducdo na producao de sementes e do aumento na
mortalidade das plantulas, diminuindo sua fonte de resiliéncia (ou seja, diminuindo o nimero
de sementes e de plantulas). Com a sedentarizagdo das popula¢Ges humanas, algumas das
muitas espécies de grandes herbivoros potenciais como caprinos, ovinos e bovinos foram
domesticados e criados em larga escala. Uma caracteristica peculiar desses animais € que, por
serem ruminantes, possuem alta capacidade de digestibilidade e assim colonizam areas da
vegetacdo particularmente em regides de condigdes ambientais adversas. Assim, a criagdo
extensiva desses animais tornou-se altamente difundida no mundo, particularmente em florestas
tropicais sazonalmente secas onde milhdes de pessoas habitam e a degradacéo resultante € mais

pronunciada.

Mais de 97% das areas de florestas tropicais secas remanescentes estdo sob risco de
varias ameacas relacionadas a superexploracao de produtos florestais, incluindo alteracbes na
vegetacdo para criagdo extensiva de animais. A regeneracdo dessas florestas, € entdo um
processo importante considerando que é capaz de manter a produtividade da floresta e os
servigos ecossistémicos associados a biomassa florestal. Enfrentar com sucesso os desafios
globais de sustentabilidade, como perda de biodiversidade e seguranca alimentar depende da
compreensdo dessas mudancas de uso da terra, uma vez que afeta fortemente as fontes de

carbono, causa perda de habitat e sustenta a producéo de alimentos.

A Caatinga compreende o maior bloco de florestas tropicais da América do Sul e abriga

populacbes que adotam préaticas de exploragdo de produtos florestais, onde espécies de caprinos
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sdo criadas extensivamente em &reas de vegetacdo nativa. Apesar da densidade de caprinos
nessa regido ser superior ao ecologicamente recomendado, h& relativamente poucos estudos
sobre como estes animais influenciam a capacidade de regeneracao da vegetacdo. Isso se deve
provavelmente a falta de éareas livres da pastagem de caprinos, o que demanda o
estabelecimento de experimentos de exclusdo para verificar o efeito destes herbivoros sobre a
assembleia de regenerantes.

O uso de experimentos de exclusdo de caprinos constitui uma excelente oportunidade
para compreender os efeitos da pecuéria extensiva no processo de regeneracdo. Experimentos
desta natureza séo fundamentais no contexto atual de uso da terra na Caatinga, porque podem
fornecer informacGes sobre a resiliéncia do ecossistema, com suas potenciais consequéncias
para o futuro dessa biota e de suas populacbes humanas altamente dependentes de
recursos/servigos da biodiversidade. Abordar esse tipo de tema implica entdo em entender o
efeito de grandes herbivoros nos mecanismos de regeneracdo. Esta tese é um caminho na
direcdo desse entendimento e tem o objetivo de avaliar o efeito de caprinos na regeneracdo da
Caatinga através de mecanismos de regeneracdo como o banco de sementes e o banco de

plantulas (Figura 1). Para compo-la, foram reunidas informacdes divididas em duas partes.

A primeira parte constitui uma fundamentacdo tedrica subdivida em dois grandes
principais blocos que abordam (a) o processo de regeneracdo — conceitos, mecanismos e um
apanhado geral do que se sabe desse processo nas florestas tropicais e, em especial, nas florestas
tropicais sazonalmente secas; (b) o efeito de grandes herbivoros e da pecuéria extensiva no
processo de regeneracao natural no contexto geral e em areas de florestas secas, especialmente
a Caatinga. A segunda parte contém dois artigos que discutem, respectivamente, (a) qual o
efeito de caprinos nos principais mecanismos de regeneracdo (banco de sementes e plantulas)
na Caatinga; (b) uma avaliacdo mais aprofundada do efeito de caprinos na dindmica natural de
plantulas durante um periodo de cinco anos. A tese é finalizada com consideracGes finais

mostrando sua contribui¢do para o estado da arte do tema proposto.
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Figura 1: Objetivos gerais da tese. Na figura, hd a representacdo da pecuéria extensiva afetando o
processo de regeneragdo através de impactos no banco de sementes e no banco de plantulas. A
capacidade de regeneragdo florestal estd intimamente ligada a oferta de servigos ecossistémicos, o que

justifica a importancia de praticas florestais sustentaveis.

Pecuaria extensiva

4

Regeneracao ‘ ’ Servicos ecossistémicos

3

Banco de sementes
Sobrevivéncia de plantulas
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2 FUNDAMENTAGCAO TEORICA
2.1 0 PROCESSO DE REGENERACAO NATURAL

Etimologicamente, regeneracdo significa a acdo de reconstruir, restaurar, recuperar e
renovar, entre outros. Na terminologia florestal, o termo ‘regeneracdo natural’ tem dois
significados, que devem ser entendidos dentro do contexto em que s&o aplicados: (1) o conceito
estatico que se refere a caracterizagao de um estado atual da vegetacao e ¢ expresso como “o
numero de individuos jovens de uma populacao” e; (2) o conceito dindmico que se refere ao
processo de renovacdo ou povoamento e quantifica o equilibrio entre os processos de
recrutamento, crescimento e mortalidade de espécies vegetais regenerantes (JARDIM, 2015).
Assim, o processo de regeneracgdo esta diretamente relacionado a entrada de novos individuos

no sistema.

A teoria do distarbio sugere que a entrada de novos individuos em florestas tropicais
inicia-se com formacao de clareiras (SHUGART, 1984; YAMAMOTO, 1992; PAKEMAN;
SMALL, 2005). O termo clareira ou “gap”, em inglés, ¢ utilizado para designar as
descontinuidades existentes na estrutura do dossel florestal. Existem varios conceitos de
clareira na literatura, todos eles expressando a ideia de uma abertura no dossel da floresta
(YAMAMOTO, 1992; PAKEMAN; SMALL, 2005). Essas clareiras podem surgir de forma
natural (queda de uma arvore, ou por extensdes maiores de habitat perdido durante
deslizamentos ou incéndios florestais) ou ocasionadas por atividades antrépicas como
agricultura, corte seletivo ou corte raso etc. que sdo geralmente disturbios mais graves do que
as clareiras naturais do mesmo tamanho e sua frequéncia crescente estd mudando rapidamente
a paisagem tropical (DALLING; HUBBELL, 2002; PERES; BARLOW; LAURANCE, 2006).

A regeneracdo florestal € um processo de sucessdo secundaria em nivel de comunidade
e de ecossistema sobre uma area florestada e cuja vegetacdo foi natural ou antropicamente
removida (CHAZDON, 2012). O processo sucessional segue uma progressdo de estagios
durante os quais florestas apresentam um enriquecimento gradual de espécies e um aumento
em complexidade estrutural e funcional que pode ser resumido em trés fases: (1) fase da criacdo
da clareira, (2) crescimento da floresta e (3) floresta madura (JARDIM, 2015). A duragéo de
cada fase depende de fatores como a magnitude do distlrbio, especialmente em termos do
tamanho da clareira (CLARKE; DAVISON, 2004; CHAZDON et al., 2006; JARDIM, 2015).

Apos distarbios de abertura de clareiras florestais naturais ou ao abandono de campos
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cultivados ou pastagens, o recrutamento de novas espécies vegetais pode se originar das
seguintes fontes: a chuva de sementes, o banco de sementes do solo e o banco de plantulas.

2.1.1 Chuva de sementes

Um importante mecanismo de regeneracao nas florestas apds a formagcao de clareiras é
0 movimento de dispersdo dos didsporos da planta mée até chegar ao solo, denominado chuva
de sementes (WILLSON; CROME, 1989; CUBINA; AIDE, 2001). Esse mecanismo um possui
papel importante na organizacdo da estrutura da vegetacdo, na distribuicdo espacial da
comunidade, no aumento do nimero de espécies e de individuos da area e na formacéo e
manutencdo do banco de sementes do solo (WEIHER; CLARKE; KEDDY, 1998; CLARK;
POULSEN; PARKER, 2001).

A atuacdo da chuva de sementes é dependente de fatores como a proximidade da fonte
de diéasporos, das caracteristicas dos diasporos e da acao dos vetores de dispersdo (CLARK et
al., 1999; CLARK; POULSEN; PARKER, 2001) . De forma geral, as sementes tendem a se
dispersar em densidade maior proxima a planta mée, desta forma acabam tornando-se mais
suscetiveis a predacao e competicdo (NATHAN; CASAGRANDI, 2004) . Assim, a dispersao
a longas distancias constitui um fator importante para a sucessao das florestas. A dispersao de
sementes acontece por diferentes sindromes e distintos agentes, tais com o vento (anemocdrica),
agua (hidrocdrica), animais (zoocérica), gravidade (barocoérica) ou por mecanismos da prépria
planta (autocorica) (JESUS et al., 2012). A anemocoria e a autocoria sdo sindromes mais
caracteristicas de espécies emergentes nas florestas ou de espécies dominantes em ambientes
recém-perturbados (HOWE; SMALLWOOD, 1982). A zoocoria predomina em areas de
florestas com estagios sucessionais mais avancados, onde ha suporte para esses animais
(JANZEN; VASQUEZ-YANES 1991).

O processo de dispersdo ndo s possibilita a chegada de sementes a locais favoraveis
para o estabelecimento de plantulas como também pode transportar a semente para longe da
planta-mde (NATHAN; MULLER-LANDAU, 2000; NATHAN; CASAGRANDI, 2004). O
potencial de regeneracdo de uma floresta pode ser avaliado através da juncéo das analises dos

diasporos oriundos da chuva de sementes e 0 banco de sementes que sdo depositadas no solo.

2.1.2 Banco de sementes
O banco de sementes do solo é definido como as sementes existentes na superficie ou
enterradas no solo (GARWOOD, 1989; THOMPSON, 2009) que sdo importantes para
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impulsionar a regeneracao, particularmente para ecossistemas sujeitos a perturbacoes regulares
(PAKEMAN; SMALL, 2005; SAVADOGO et al., 2017; SILVA; OVERBECK, 2020). Esse
reservatorio corresponde as sementes ndo germinadas, mas que sdo potencialmente capazes de
substituir as plantas adultas que foram excluidas da comunidade (LECK; SIMPSON, 1989).
Uma alta densidade e diversidade de sementes no solo podem acelerar a regeneracdo apds
disturbios e a sua composi¢do é um indicador crucial de possiveis tendéncias de sucessdo e
resiliéncia das populacdes de plantas (SKOGLUND, 1992; KHURANA; SINGH, 2001).

As sementes que compde o0 banco podem ser oriundas da comunidade local (i.e., banco
de sementes autdctone) ou da vizinhanca e de areas distantes (i.e., banco de sementes al6ctone),
por meio de distintos processos de dispersdo. Essas sementes podem ainda ser denominadas de
acordo com o estagio de sucessdo, como proposto por GARWOOD (1989): as espécies de
floresta madura (ou priméria) germinam e se estabelecem no sub-bosque sombreado de floresta
intacta e geralmente sdo sementes grandes, tolerantes & sombra, de crescimento lento e de vida
longa. Em contraste, as espécies pioneiras de vida curta germinam e se estabelecem apenas em
grandes clareiras. Sao espécies de sementes pequenas, intolerantes a sombra e de crescimento
rapido. Espécies pioneiras de vida longa (ou seja, espécies secundérias tardias) germinam ao

sol ou a sombra, mas crescem apenas em clareiras na floresta.

O acumulo de sementes no solo depende das propriedades das sementes, incluindo
germinacao, dorméncia, viabilidade e padrBes temporais e estratégias de dispersao de sementes
(GARWOOD, 1989; DALLING; SWAINE; GARWOOD, 1998). Assim, as sementes que
compdes 0 banco podem ser classificadas em algumas estratégias conforme GARWOOD
(1989): sementes de espécies de germinacado rapida, que tém viabilidade de curto prazo e sem
dorméncia, sdo classificadas como transitorias, enquanto sementes de longa duracdo, com
dorméncia, sdo chamadas de persistentes. Bancos de sementes pseudo-persistentes sdo
compostos por espécies de vida curta, sementes que se dispersam continuamente ao longo do
ano, e que por isso parecem ser persistentes (GARWOOD, 1989). Bancos de sementes
transitorios atrasados sdo constituidos por sementes com germinagdo tardia (muitas vezes
assincrona), ndo associadas a condi¢Oes sazonais adversas. Em ambientes com periodos
sazonais de chuva, as sementes podem ser sementes sazonalmente dormentes, com longevidade
intermediaria, e sdo classificadas em banco de sementes transitério sazonal (GARWOOD,

1989). Todas essas estratégias de banco de sementes podem ocorrer concomitantemente no
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solo, mas uma estratégia pode predominar de acordo com as caracteristicas do habitat
(DALLING et al., 2011; GARWOOD, 1989).

A densidade do banco de sementes tende a diminuir rapidamente mediante a ocorréncia
de uma clareira por meio da germinagdo ou perda da viabilidade da semente (HOPKINS;
GRAHAM, 1984). Espécies pioneiras de vida curta aparecem rapidamente apés perturbagoes e
tendem a ser substituidas ao longo do tempo. A taxa na qual o banco de sementes retorna ao
tamanho pre-distdrbio e sua composicéo é influenciada pelo tamanho da clareira, gravidade da

perturbacdo e estratégia de regeneracdo das espécies colonizadoras (GARWOOD, 1989).

2.1.3 Plantulas

Durante o processo de sucessdo, além da barreira imposta pela chegada de sementes no
solo, ha as barreiras envolvidas no processo germinativo que depende de condi¢des bidticas e
abidticas favoraveis para ocorrer (SALAZAR et al., 2011). A limitagdo de recrutamento de
plantas nos estagios iniciais do ciclo de vida da planta pode ocorrer por meio de dois processos
conhecidos como limitacdo de sementes e limitacéo de estabelecimento (CLARK et al., 2007).
Populagdes limitadas por sementes tém menos individuos porque as sementes ndo chegam em
todos os potenciais locais de recrutamento (TURNBULL; CRAWLEY; REES, 2000;
NATHAN; MULLER-LANDAU, 2000). A baixa disponibilidade de sementes num ambiente
pode ser explicada também pela (1) baixa producdo de propagulos pela planta-mée; (2) falta de
dispersores de propagulos; (3) altas taxas de predacdo de semente pés-dispersdo (MARON;
GARDNER, 2000; ORROCK et al., 2006; CLARK et al., 2007; BRICKER; PEARSON;
MARON, 2010; KNOCHEL; FLAGG; SEASTEDT, 2010).

Acredita-se que a limitacdo de sementes é mais comum em ambientes perturbados (inicio
da sucessdo) que em ambientes ndo perturbados (TURNBULL; CRAWLEY; REES, 2000;
CLARK et al., 2007) visto que a remocdo de adultos e a imposi¢do de perturbacdes do solo
diminuem geralmente o ndmero de plantulas que recrutaram a partir de sementes. Muitos
estudos tém apoiado hipdtese de um trade-off entre tamanho de semente e capacidade de
colonizagdo (COOMES; GRUBB, 2003; WESTOBY’; MOLES, 2004). Espécies de sementes
pequenas tém mais facilidade na colonizacdo (e menos limitacdo de sementes) que espécies de
sementes grandes, devido a relagdo inversa entre 0 nimero e a massa de sementes produzidas
(DALLING; SWAINE; GARWOOD, 1998). Ao produzir sementes menores, uma espécie
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pode, presumivelmente, alcangar mais locais de recrutamento, diminuindo assim a limitacéo de

sementes.

A limitacdo de estabelecimento, por sua vez, ocorre por outros fatores que limitam o
recrutamento de novos individuos para a populagdo que ndo inclui 0 nimero de sementes
(CLARK et al., 1999). Tal processo ocorre quando o tamanho populacional é reduzido pelo
numero e qualidade de areas disponiveis para o estabelecimento (CLARK et al., 1999;
NATHAN; MULLER-LANDAU, 2000). Assim, o potencial de recrutamento natural deve estar
diretamente correlacionado com a quantidade e a qualidade de cobertura florestal e fatores
como disponibilidade hidrica, luz e predacgdo por herbivoros (CLARK et al., 1999).

Apesar desses trabalhos acima abordados terem documentado a influéncia da chegada
de sementes e do estabelecimento de plantulas na recuperacdo das florestas, é importante
ressaltar que impactos antropogénicos também alteram fortemente esses padrfes, havendo
entdo a necessidade de avaliar a magnitude e a direcdo desses impactos nos diversos

ecossistemas,

2.1.4 Impactos das atividades antrdpicas no processo de regeneracao

Florestas sdo sistemas dinamicos e complexos, que mudam constantemente em resposta a
distarbios naturais. No entanto, as mudangas ambientais antropogénicas podem induzir a
disturbios que causam transicdes florestais ndo reversiveis e levam ao processo denominado de
degradacdo. A degradacdo é, portanto, a perda de resiliéncia induzida pelo homem que impede
a recuperacdo da floresta ou de outro ecossistema para o estado anterior a perturbacdo
(GHAZOUL et al., 2015).

Quando ocorre total remocdo de biomassa florestal para criacdo de areas agricolas e
estas sdo abandonadas, inicia-se 0 processo de regeneracao natural (CHAZDON, 2012) . No
entanto, esse processo pode ser alterado se a floresta for submetida a distirbios antrépicos
crénicos, ou seja, distdrbios que resultam de uma remocéo sutil, mas continua de pequenas
fragOes de biomassa florestal (SINGH, 1998; RIBEIRO et al., 2015). Por exemplo, a coleta de
madeira provavelmente limitard severamente a disponibilidade de fontes de sementes para a
sucessdo de florestas, particularmente para aquelas espécies que estdo sendo coletadas
(SPECHT etal., 2015). A frequéncia e a intensidade dessas perturbacdes podem acarretar o que
¢ conhecido como sucessdo interrompida (do inglés “arrested succession””) (SARMIENTO,
1997; TABARELLI; LOPES; PERES, 2008; ARROYO-RODRIGUEZ et al., 2017),
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potencialmente detendo o processo natural de regeneracdo. As consequéncias desse tipo de
distarbio para a sucesséo florestal sdo relativamente faceis de prever, mas dificeis de avaliar
(ARROYO-RODRIGUEZ et al., 2017) visto que a retirada continua dos produtos florestais
desfavorece o entendimento de seu impacto. Tais perturbacdes podem inibir o estabelecimento
de plantulas e o desenvolvimento de &rvores da floresta, podendo haver uma mudanga para
arbustos ramificados em um processo conhecido como arbustizacao (ou “shrub encroachment”
ELDRIDGE et al. 2011).

As mudancas de uso da terra tém levado diversos ecossistemas a estados de degradagéo
(DIAZ et al., 1997; HUANG et al., 2019) . Estimativas mais atuais mostram que a mudancga no
uso da terra afetou quase um terco (32%) da area terrestre global em apenas seis décadas (1960-
2019) e, portanto, é cerca de quatro vezes maior em extensdo do que o estimado anteriormente
a partir de avaliagfes de mudanca de terra de longo prazo (WINKLER et al., 2021). Esses dados
alarmantes ressaltam entdo a necessidade de estudo sobre o processo de regeneracdo nas
florestas, especialmente nas florestas tropicais sazonalmente secas, onde ha grandes

concentracdes de populacdes humanas e a degradacdo é mais pronunciada (PRAVALIE, 2016).

2.1.5 Regeneragéo em florestas tropicais sazonalmente secas

Florestas tropicais sazonalmente secas (daqui para frente apenas florestas secas)
representam mais de 40% das florestas tropicais do mundo (MURPHY; LUGO, 1986). Essas
florestas ocorrem principalmente adjacentes as florestas tropicais e savanas até 20-23° latitudes
norte e sul, conforme mapeado por MILES et al. (2006) e estdo concentradas na América do
Sul (54,2%), Eurasia (16,4%) e Africa (13,1%) (MILES et al. 2006). América do Norte e
Central (12,5%) e Australasia e Sudeste Asiatico (3,8%) suportam extensdes mais curtas de

florestas secas.

Por estarem associadas a grandes centros populacionais, as florestas secas séo exploradas
ha milhares de anos para os mais diversos fins. Mais de 97% da area remanescente de floresta
tropical seca estd sob risco de véarias ameacas (MILES et al., 2006) como (1) paisagens
dedicadas a commodities comerciais (por exemplo, carne bovina, soja, 6leo de palma) por meio
de modernas tecnologias agropastoris adotadas por grandes propriedades rurais e (2) paisagens
dominadas por populacGes tradicionais, com pequenas propriedades voltadas para atividades
de subsisténcia via agricultura de derrubada e queimada, pecuaria extensiva e exploracao de

produtos e servicos florestais (ver MELO, 2017). Compreender o processo de regeneracao
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dessas florestas no contexto de diferentes dimensdes ecoldgicas e humanas representa um dos
principais desafios atuais para promover e desenvolver programas de conservagao e manejo
desse ecossistema ameacado (QUESADA et al., 2009)

Essas florestas sdo caracterizas por padrbes de chuvas altamente sazonais com areas em
que o periodo seco dura cerca de seis meses com chuvas anuais entre 400 e 1700 mm
(GERHARDT; HYTTEBORN, 1992), o que implica em condi¢Ges abioticas mais severas e
varidveis do que em outras florestas tropicais. As condi¢bes do habitat implicam no
desenvolvimento de diversas estratégias peculiares considerando que a sazonalidade acentuada
afeta padrbes de producdo de sementes, germinagdo, sobrevivéncia e desenvolvimento de
plantulas (VIEIRA; SCARIOT, 2006). O processo de regeneracdo nesses ambientes é
geralmente mais lento, em termos de crescimento de plantas e outras caracteristicas de
desenvolvimento do que em florestas imidas (EWEL, 1977; MURPHY; LUGO, 1986)

Sementes da maioria das espécies de florestas secas amadurecem na estacao seca e sao
dispersas no inicio da estacdo chuvosa quando ha condi¢cbes favoraveis para germinacao e
crescimento de plantulas (MCDONALD; MCLAREN; NEWTON, 2010). Nessas florestas,
sementes dispersas pelo vento sdo mais aptas a colonizarem areas recém-perturbadas do que
sementes dispersas por vertebrados (KENNARD et al., 2002; VIEIRA; SCARIOT, 2006). No
entanto, alguns trabalhos também tém demonstrado a importancia de formigas nos servigos de
dispersdo em florestas secas (LEAL; WIRTH; TABARELLI, 2007; OLIVEIRA et al., 2019).

As sementes tendem a apresentar caracteristicas como tegumento espesso, ou seja, de
resisténcia efetiva, suportando alta temperatura do solo e funcionando como uma adaptacédo a
fim de impedir que as sementes germinem durante o periodo de estiagem, constituindo-se,
portanto, uma estratégia de escape a seca (ANGEVINE; CHABOT, 1979). A chegada das
chuvas favorece de imediato a germinacdo, sendo ja comprovado que a época de dispersao e
consequente germinagdo estdo relacionadas com o grau de sazonalidade (CECCON;
HERNANDEZ, 2009). Nesses ambientes, o banco de sementes possui baixa densidade de
especies lenhosas quando comparada as florestas umidas, pois tendem a germinar no ano
seguinte a sua producdo (SKOGLUND, 1992; KHURANA; SINGH, 2001) e s&o
frequentemente afetadas por fatores externos como a predagéo, dessecacdo (KENNARD et al.,
2002).
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A estacdo seca representa o periodo com maior mortalidade de plantulas, visto que as
folhas da maioria das plantas tendem a cair, 0 solo exposto recebe alta irradiacdo solar e,
consequentemente, maiores temperaturas e menor disponibilidade hidrica e umidade relativa
do ar sdo observadas (LIEBERMAN; LI, 1992; RIBEIRO et al., 2015). Assim, as camadas
superficiais secam mais rapidamente, podendo limitar o recrutamento de pléantulas ou
influenciar a abundéancia relativa das espécies (ENGELBRECHT et al., 2006). O recrutamento
e o crescimento de plantulas nas florestas secas, tende entdo a ser limitado a esta¢do chuvosa,
quando a disponibilidade de agua é maior (VIEIRA; SCARIOT, 2006). Embora a alta
incidéncia luminosa existente nas florestas secas impulsione o crescimento de plantulas durante
a estacdo chuvosa, hd um efeito negativo durante a estacdo seca devido a dessecacao
(CALLAWAY; WALKER, 1997). O sombreamento proporciona o0 sucesso da germinacao e
sobrevivéncia de plantulas, pois estudos relatam altas densidades de plantulas em ambientes

mais sombreados de florestas secas que em areas mais abertas (LIEBERMAN; LI, 1992).

Com base na estrutura e composi¢do das comunidades de arvores em florestas secas
presentes ao longo do processo de sucessdo, varios autores tém demonstrado que a maioria das
espécies de arvores se regeneram através de rebrota (MURPHY; LUGO, 1986; CECCON;
HUANTE; RINCON, 2006; ZEPPEL et al., 2015; VANDERLEI et al., 2021). Apesar de 0
namero de plantulas regenerantes por sementes ser maior, a probabilidade de sobrevivéncia é
significativamente menor. Esse resultado explicaria o alto percentual de arvores adultas
originadas por rebrotas. Rebrotar parece ser vantajoso para muitas espécies, incluindo aquelas
que se regeneram com frequéncia por sementes, presumivelmente porque rebrotas vegetativas
podem aproveitar 0 extenso sistema radicular e 0 armazenamento substancial de metabdlitos
nas partes restantes da planta-mae (PAUSAS; KEELEY, 2014).

E importante ressaltar que essas estratégias descritas podem variar de acordo com 0s
sistemas e os disturbios impostos, especialmente os distlrbios antropogénicos. Assim, trabalhos
sobre dindmica de sementes e estabelecimento de plantulas e como esta € influenciada por esses

distdrbios ainda séo necessarios principalmente em areas de florestas secas.

2.1.6 Caatinga
A Caatinga representa a maior area continua de floresta seca da América do Sul e esta

integralmente contida no territério brasileiro (SILVA; LEAL; TABARELLI, 2018). Esta
vegetacdo incorpora um conjunto de variadas fisionomias, desde areas arbustivas abertos com

muitas cactaceas e bromeliaceas até formacdes florestais de arvores espinhosas (SAMPAIO;
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FREITAS, 2017). Entretanto, a Caatinga é acometida por diversos distlrbios antrépicos.
Coletivamente, agricultura de corte-e-queima, pecuéria extensiva e coleta de lenha imp&em
niveis de degradacéo, variando da remocdo de pequenas fracdes de biomassa até a completa
desertificacdo neste ecossistema (LEAL et al., 2005). Nessas florestas, populagdes humanas
dependentes dos recursos florestais provavelmente continuardo a converter areas naturais em
complexos mosaicos constituidos por campos agricolas, pastagens, pequenos fragmentos
florestais e manchas de floresta em processo de regeneracdo natural com diferentes idades de
abandono pelo homem (QUESADA et al., 2009; BARROS et al., 2021).

A assembleia de plantulas da Caatinga € pouco densa e pobre do ponto de vista
taxonémico; i.e. < 0,5 plantulas por metro quadrado, com poucas espécies dominantes
(VANDERLEI et. al 2022). Recentemente, um estudo realizado sobre o processo de
regeneracdo na Caatinga mostrou que ndo ha uma substitui¢do direcional de espécies ao longo
do processo de sucessdo nessa area (BARROS et al., 2021), ndo corroborando com a teoria
classica que prevé a chegada de sementes e o recrutamento de plantulas seguido do
estabelecimento de adultos de espécies pioneiras e boas colonizadoras que séo substituidas por
espécies tardias e boas competidoras a medida que a sucessdo avanca. Os resultados de
BARROS et al. (2021) também mostraram que ndo ha diferencas filogenéticas e funcionais
entre areas recentemente abandonadas e areas de sucessao mais avancadas. Apos o abandono
da agricultura de corte-e-queima, 0 processo de regeneracdo € impulsionado pela rebrota de

raizes e tocos remanescentes de espécies arbustivas e arbdreas (BARROS et al., 2021)

COSTA; ARAUJO (2003) registraram uma baixa densidade de sementes no banco do
solo da Caatinga e lancaram a hipotese da existéncia de uma relacdo direta entre os totais
pluviométricos e a densidade de semente no solo. Em outras palavras, o nimero de sementes
viaveis no banco do solo esta relacionado aos totais pluviométricos da area. Na Caatinga, além
do total pluviométrico anual ser reduzido, as chuvas sdo irregularmente distribuidas,
influenciando tanto as caracteristicas dos micro-habitat, como fertilidade do solo e a capacidade
de retencé@o de dgua quanto os processos ecoldgicos e fisiologicos mantenedores da dindmica
das populagcbes, como floracdo/frutificacdo, dispersdao e germinacdo de sementes (LIMA;
RODAL,; SILVA, 2008; LIMA; RODAL, 2010).

Baseado no que ja foi encontrado a respeito das caracteristicas das sementes, é possivel

afirmar que muitas espécies da Caatinga que sdo produzidas e dispersas na estacdo seca e



22

formam bancos de sementes transitérios (MEIADO et al., 2012). Um estudo realizado com
espécies frequentemente encontradas na Caatinga demonstrou que estas apresentaram maior
percentual de germinacdo dentro do menor intervalo de tempo, com relacdo aos exemplos
citados para os outros ecossistemas (MEIADO et al., 2012), 0 que € uma vantagem que permite
que as sementes escapem dos predadores e oferecam maiores chances de sobrevivéncia para as

plantulas.

Numa revisdo sobre diasporos da Caatinga, cerca de 200 espécies foram citadas como
formadoras de bancos de sementes em solos da Caatinga (MEIADO et al., 2012). No entanto,
o0s resultados desse estudo apontam que sdo necessarias revisdes mais cuidadosas sobre esse
padrdo, pois apenas nove espécies (0,6% das especies avaliadas) foram examinadas quanto a
viabilidade das sementes (MEIADO et al., 2012). As sindromes anemocéricas sdo mais comuns
na estacdo seca enquanto a zoocoria, a principal sindrome das areas de Caatinga (em
levantamentos apenas de plantas lenhosas), € mais comum na estacdo chuvosa (GRIZ;
MACHADO, 2001). Visando correlacionar padrbes de dispersdo a formacdo de banco de
sementes, SANTOS et al. (2001) observaram as espécies autocoricas e zoocoricas apresentaram
caracteristicas relacionadas a formacdo de banco de sementes permanentes, ao contrario das
anemocoricas. De fato, espécies anemocoricas tendem a ser dispersas no fim da estagdo seca e

tendem a permanecer no solo de forma transitdria apenas até o inicio da estacdo chuvosa.

Os tdpicos que compde esta primeira parte da fundamentacao abordam os diversos fatores
que influenciam, no processo de regeneracdo, mas ndo trataram de efeitos das acOes de
herbivoros, que sdo grandes impulsionadores de mudancgas nos ecossistemas (GILL, 2006;
GOHEEN et al., 2010; CHARLES-DOMINIQUE et al., 2017; FORBES et al., 2019; VILLAR
et al., 2020). Como se trata de um aspecto chave na elaboracdo desta tese, os efeitos de

herbivoros (particularmente grandes herbivoros) foram discutidos a parte no topico a seguir.

2.2 EFEITOS DE GRANDES HERBIVOROS E DA PECUARIA EXTENSIVA SOBRE A
REGENERACAO
2.2.1 Grandes herbivoros

Os efeitos dos grandes herbivoros na regeneracao florestal podem ser agrupados em dois
tipos principais: (1) efeitos negativos gerados pelo pisoteio e pelo consumo de partes vegetais

como, sementes e plantulas que retardam a sucesséo florestal ou; (2) efeitos que promovem a
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regeneragao e, portanto, tendem a avancar na sucesséo florestal, como a dispersao de sementes
e a reducdo da competicdo (GILL, 2006). Existem, no entanto, grandes diferengas entre 0s

locais e os tipos de vegetacao, além da densidade de animais na area.

Grandes herbivoros tém uma variedade de comportamentos alimentares que afetam
diretamente as comunidades vegetais como o consumo de folhas, flores, frutos, sementes e
plantulas. A herbivoria nas arvores reduz as taxas de crescimento e o desenvolvimento
subsequente depende da gravidade do dano ou do nimero de vezes que uma planta é consumida
por herbivoros (CRAWLEY, 1989; COOKE; LAKHANI, 1996). Arvores mais jovens ou
menores sdo geralmente mais suscetiveis que arvores mais velhas. Em particular, plantulas
muito pequenas constituem o estagio ontogenético mais vulneravel aos danos dos herbivoros,
principalmente se os cotilédones forem perdidos antes que a primeira folha se forme (FENNER,;
HANLEY; LAWRENCE, 1999).

Ao reduzir a densidade de plantulas e as taxas de crescimento, os grandes herbivoros
tém o efeito de acelerar o processo de degradacdo florestal, o que pode ter um efeito marcante
na estrutura de idade e tamanho das florestas, reduzindo ou eliminando espécies por muitos
anos (GILL, 2006). A medida que a pressdo de herbivoria aumenta, ou se a regeneracio
continuar a falhar, a densidade de arvores mais maduras também sera reduzida, e condicdes de

“arbustizagdo” podem entdo se desenvolver (ROONEY, 2001).

Evidéncias de exclusbes sugerem que a herbivoria seletiva por grandes herbivoros tende
a reduzir a diversidade de espécies vegetais, pois algumas espécies sdo mais exploradas do que
outras, bem como diferem em sua capacidade de se recuperar de danos (MILLER; HALPERN,
1998; EVJU et al., 2009; WAN et al., 2015). O resultado é que os recrutas das espécies mais
palataveis ou sensiveis sdo esgotados. Especialmente em ambientes expostos ao pastejo, 0s
estudos apontam um efeito negativo na biomassa, abundancia de espécies palataveis, e
diversidade taxondémica, funcional e filogenética (HERNANDEZ; SILVA-PANDO, 1996;
BASHAN; BAR-MASSADA, 2017; MENEZES, 2018)

Por outro lado, grandes herbivoros podem exercer influéncias positivas no processo de
regeneracdo. O sub-bosque mais aberto criado pela herbivoria pode favorecer o estabelecimento
de plantas ao nivel do solo (SWANSON et al., 2011), e em alguns casos as plantulas de arvores
podem estabelecer-se em nudmeros ainda maiores. 1sso ocorre quando 0s herbivoros se

alimentam preferencialmente de espécies que sdo boas competidoras, aumentando a ocorréncia
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de espécies com menor habilidade competitiva (NISHIZAWA et al., 2016). Assim, o pastejo
pode atuar para reduzir a competicédo e isso promove a diversidade (CARMONA et al., 2012;
HANKE et al., 2014). A razdo pela qual a diversidade de plantulas é frequentemente reduzida
em florestas ndo € apenas porque as plantulas de muitas espécies de arvores sao relativamente
palataveis, mas porque elas estdo sujeitas a competicdo com os adultos (GILL, 2006). Este
efeito é, no entanto, pode ser de curta duracdo, principalmente se as plantulas forem mortas

pelos animais ou pela sombra das arvores que ja cresceram além do alcance dos herbivoros.

Além de todas essas consequéncias dos consumos de grandes herbivoros na vegetacéo
discutidos até aqui, esses animais podem afetar a vegetagdo através do pisoteio. Impactos do
pisoteio podem resultar em baixa infiltracdo de agua e alta erosdo (TJELELE; WARD; DZIBA,
2015), e, portanto, reduzir o estabelecimento e o recrutamento de plantulas devido a
incapacidade das raizes de penetrar no solo, além de propiciar o escoamento de &gua e a redugédo
da disponibilidade de &gua para as plantulas (MCNAUGHTON, 1983). Por outro lado, o
pisoteio pode aumentar taxa de mineralizacao de nitrogénio em solo (SCHRAMA et al., 2013),
o que reforca a ideia de que os impactos de grandes herbivoros variam em magnitude e direcéo

do efeito dependendo dos contextos de cada sistema.

A nivel de ecossistema, grandes herbivoros geralmente causam fortes mudancas na
ciclagem de nutrientes. A direcdo e a magnitude desses efeitos dependem das caracteristicas do
ambiente, do histérico de uso da terra e da intensidade do pastejo (FORBES et al., 2019).
Acredita-se que grandes herbivoros aceleram a ciclagem de nutrientes em ecossistemas
altamente produtivos com longas historias de herbivoria e com intensidades de pastejo baixas
a moderadas (MCNAUGHTON; BANYIKWA; MCNAUGHTON, 1997), pois sdo capazes de
deslocar nutrientes das plantas (via consumo das partes vegetativas) para as raizes por meio de
suas excretas, aumentando a atividade microbiana do solo e, por sua vez, a mineralizacdo do
nitrogénio do solo. Em contraste, grandes herbivoros em sistemas de baixa produtividade
desaceleram a ciclagem de nutrientes (BARDGETT; WARDLE, 2003) por meio de
forrageamento seletivo para plantas ricas em nutrientes, que posteriormente desloca
comunidades para espécies que se decompdem lentamente. No entanto, essas teorias ainda sao
bastante contraditdrias e ha a necessidade de sinteses mais abrangentes sobre o efeito desses
animais em diferentes sistemas (FORBES et al., 2019)
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2.2.2 Pecuéria extensiva

Grandes herbivoros forneceram alimentos, fibras, tracdo e fertilizantes para populagdes
humanas desde os primdrdios das civilizacbes. Nas sociedades pré-industriais, a pecuaria
cumpriu uma infinidade de funcbes. Além de servirem como fonte de nutricdo na forma de
carne e leite, o gado funcionava (e ainda funciona) como uma importante forca mecanica
servindo de transporte para outras atividades agricolas (VELDE; BARRE, 2009). A transicio
de um modo de subsisténcia agrario para um industrial e, especialmente nos tltimos anos, com
a crescente sedentarizacdo das populagdes humanas, algumas das muitas espécies de grandes
herbivoros potenciais (por exemplo, ovinos Ovis aries, caprinos Capra hircus e bovinos Bos
taurus e B. indicus,) foram domesticados e criados em larga escala (TELETCHEA, 2019).

Um aspecto importante da pecuaria, particularmente espécies de ruminantes (por exemplo,
bovinos, caprinos, ovinos, ou seja, animais com estdmago de quatro compartimentos que séo
capazes de digerir material vegetal com alto contetdo celulésico), € sua capacidade de se
alimentar em terras que ndo sdo diretamente utilizaveis para cultivo producdo devido a
restricdes ambientais (TELETCHEA, 2019). Consequentemente, a criacdo extensiva desses
animais tem um alto potencial para ampliar a base de recursos da sociedade e estd entre as
atividades de uso da terra mais difundidas hoje em dia, permitindo o uso de terras antes
inacessiveis particularmente em regides com condi¢cGes ambientais adversas (KRUSKA et al.,
2003). Com o aumento da renda e o crescimento da populacdo, o consumo de produtos de
origem animal, principalmente carne, aumentou significativamente. A expansao da pecuéria é
muitas vezes considerada um dos principais impulsionadores do desmatamento, especialmente
na América Latina, com fortes impactos na biodiversidade e no sistema climatico global (ERB
etal., 2016)

Os efeitos do pastoreio de gado na vegetacao e na dinamica do solo tém sido extensivamente
estudados (e.g. METZGER et al., 2005; ALHAMAD, 2006; LOYDI; ZALBA; DISTEL, 2012;
LEZAMA et al., 2014; KAPAS et al., 2020). Alguns estudos mostram uma influéncia negativa
do pastoreio na biomassa, abundancia de espécies palataveis, e diversidade taxondmica,
funcional e filogenética (HERNANDEZ; SILVA-PANDO, 1996; BASHAN; BAR-
MASSADA, 2017; MENEZES, 2018). Por outro lado, também existem estudos demonstrando
gue comunidades livres dessa pressdao sdo dominadas por espécies competitivamente
superiores, levando a uma baixa diversidade de espécies e homogeneizacdo da biota
(AUSTRHEIM; ERIKSSON, 2001; ALHAMAD, 2006; NISHIZAWA et al., 2016). Alguns
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trabalhos tém demonstrado o efeito negativo ou positivo do pastoreio na diversidade e riqueza
de espécies é dependente da intensidade do pastejo (abundancia de herbivoros) e da
produtividade do ambiente onde ele incide (OLFF; RITCHIE, 1998; FERNANDEZ-LUGO et
al., 2009, 2013). Em geral, o pastoreio do gado manejado em intensidades leves a moderadas
pode ter impactos positivos na vegetacdo das pastagens em comparagdo com a exclusdo do
pastoreio (HOLECHEK et al 2006). Por outro lado, o pastoreio ao ar livre em regides de floresta
seca pode ser desastroso para o recrutamento de plantulas da maioria das espécies e pode
potencialmente mudar a composicdo do banco de sementes do solo em favor de gramineas e
ervas daninhas (KHURANA,; SINGH, 2001).

2.2.3 Caprinos na Caatinga

Estima-se que caprinos foram introduzidos na Caatinga no século XVII (ALVES et al.,
2016). Assim, desde muito tempo, esses animais garantem a subsisténcia de habitantes da
regido, sendo a auséncia dessa pratica resultante no éxodo dessas popula¢fes humanas, como

podemos notar num trecho de um classico da literatura nacional, o livro Vidas Secas:

“Estavam no pétio de uma fazenda sem vida. O curral deserto, o chiqueiro das cabras
arruinado e também deserto, a casa do vaqueiro fechada, tudo anunciava abandono.

Certamente o gado se finara e os moradores tinham fugido”. (RAMOS, 1982)

Caprinos sdo herbivoros que apresentam alta adaptabilidade ligada a caracteristicas
como baixo peso corporal e baixas taxas metabolicas, o que os torna capazes de reduzir
necessidades energéticas em até 65% em resposta a reducéo na disponibilidade de alimentos e
agua (SILANIKOVE; GILBOA; NITSAN, 1997). Esses animas tendem a maximizar sua taxa
de ingestdo em vez de preferéncias e sdo considerados folivoros-granivoros generalistas no que
se refere as plantas da Caatinga (LEAL; VICENTE; TABARELLI, 2003). Caprinos podem
utilizar até 70% das espécies de plantas lenhosas e herbaceas da Caatinga como recurso
alimentar (ARAUJO FILHO; BARBOSA, 1999) e estima-se que o consumo médio de matéria
seca de um animal adulto é de 900 g/dia (PEREIRA et al., 1989).

De forma, geral, esses animais possuem habilidades que permitem a maximizacdo do
consumo e digestibilidade como capacidade degradante de lignoceluloses e sdo capazes de
neutralizar efeitos negativos na palatabilidade e digestibilidade (SILANIKOVE; GILBOA,
NITSAN, 1997). De acordo com JAMELLI; BERNARD; MELO (2021), as plantas lenhosas

constituem o grupo mais consumido por caprinos (81%) dividido quase igualmente entre
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arvores (40%) e arbustos (41%), enquanto as ervas representam 19% das plantas consumidas.
No entanto, a composicdo botanica da dieta é associada a disponibilidade de recursos que
variam durante o ano de acordo com as estacGes. Na estacdo chuvosa, esses animais consomem
0 estrato herbaceo que esta abundante (PEREIRA et al., 1989). Na estacdo seca, quando o
estrato herbaceo desaparece, os animais se alimentam de folhas, flores, frutos, sementes, brotos
e cascas de arvores e arbustos, obtidas no chdo ou até dois metros de altura na vegetacéo
(PEREIRA et al., 1989; SUTHERLAND et al., 2017; SENA et al., 2021).

Como consequéncia dessa habilidade de consumo generalizado, altas densidades de
caprinos podem resultar em perda significativa de biomassa e diversidade da vegetacdo. Na
Caatinga, estima-se que caprinos representem 93% dos 9,6 milhdes de animais criados no Brasil
(IBGE 2016). Com isso, esses animais tém sido relatados como a principal causa de degradacédo
da vegetacdo, diminuindo a diversidade vegetal, crescimento e distribuicdo geografica de
diferentes plantas e espécies e até mesmo reduzindo os estoques de nutrientes do solo
(SCHULZ et al., 2016, 2019)

Apesar de alguns trabalhos apontarem caprinos como agente de dispersdo de sementes
(Baraza e Valiente-Banuet, 2008; Baltzinger et al., 2019; Sena e Almeida, 2020), a dispersao €
mais pronunciada para espécies exdticas do que para espécies de plantas nativas (SENA et al.,
2021). Prosopis juliflora, por exemplo, constitui a espécie com maior niUmero de sementes
germinaveis encontradas nas fezes de caprinos (SENA et al., 2021). No entanto, constitui uma
espécie vegetal exdtica e invasora, apontada por afetar negativamente a composicdo e a
estrutura do componente arbustivo-arbéreo da Caatinga, aumentando da mortalidade de
plantulas entre as espécies de plantas lenhosas nativas (SOUZA NASCIMENTO et al., 2014,
2020) . Caprinos foram identificados como uma das principais ameacas a espécies frutiferas
como o umbuzeiro, Spondia tuberosa, importante recurso nutricional e fonte alternativa
comercial para agricultura familiar na Caatinga. Observou-se para esta espécie uma diminuicao
da densidade de sementes para um numero alarmante: 31 sementes/m2 em areas de pastagem
por caprinos em contraste com 1.004 sementes/m? em areas sem pastagem (CAVALCANTI,
DE RESENDE; BRITO, 2008; MERTENS et al., 2017), havendo também evidéncia de
consumo e pisoteio de plantulas dessa espécie. (CAVALCANTI; DE RESENDE; BRITO,
2008) nao encontraram nenhuma plantula de S. tuberosa em sitios de Caatinga com evidéncia

de impacto de pastejo de caprinos
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Embora diversos estudos como os apontados nos paragrafos anteriores indiqguem um
efeito negativo de caprinos na vegetacéo, ainda ndo ha um consenso definido dos efeitos desses
animais no processo de regeneracgdo, tais como avaliacGes mais diretas no banco de sementes e
no banco de plantulas através de experimentos de exclusdo. Esta tese, portanto, contribui com
a geracdo de conhecimento sobre como caprinos podem alterar a regeneragdo na Caatinga, 0s
quais sdo necessarios para subsidiar conhecimento acerca da resiliéncia de florestas secas frente

ao pastejo de grandes herbivoros.
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3ARTIGO 1

O conteudo desta sec¢do consiste em um artigo intitulado “Exotic goats do not affect the seed
bank but reduce seedling survival in a human-modified landscape of Caatinga dry forest”
submetido a revista Forest Ecology and Management. A formatacdo do artigo segue as

normas estabelecidas pela revista disponiveis no anexo A deste documento.
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Graphical abstract

Exotic goats affect seedling survival but do not change the seed bank in a
human-modified landscape of Caatinga dry forest
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Abstract

Livestock production can deplete plant regeneration and thus drive natural ecosystems
towards degradation. This may be particularly the case of tropical dry forests, which support
extensive livestock herds feeding on native vegetation, but this possibility has been rarely
experimentally addressed. Here we examine how livestock browsing and trampling by exotic
goats impacts seed bank and seedling survivorship of woody plant species in a Caatinga dry
forest by performing a 4-year exclosure experiment. Soil seed bank and 3-mo-transplanted
seedlings from four woody plant species were monitored for a year across 14 and 10 paired
plots (free goat-access vs. exclosure plots) respectively. Regardless of treatment, the soil seed
bank was of low density (14 seeds/m?2 on average) and taxonomically impoverished (24
species in total). Small to intermediate-sized seeds from dry fruits (75%) and abiotically
dispersed species (65%) prevailed. The most common attractive structure was an elaiosome
(33%), but pulp (14%) and aril (9.5%) were also recorded. 60% of the species presented some
type of dormancy and 32% presented a pleurogram. 57% of the seeds were classified as
forming a transient seed bank, while seasonally transient seeds accounted for 43% of the total
seed bank. Seed bank attributes were not affected by goats, including proportion of viable
seeds (25.85 = 0.2 in exclosure plots vs 31.45 £0.2 in free-access plots) and diversity.
However, seedling survival one year after transplantation was higher for the plant species in
the exclosure plots (68.4%) as compared to the free-access plots (39%) total. Although there
were no significant differences in the seed bank, our results suggest that free-ranging goats in
densities typical of the Caatinga region can impose elevated seedling mortality on the

dominant woody dry forest species even considering a short period of time.

Keywords: herbivory, regeneration, grazing, alpha diversity, beta diversity, exclosure

experiments.
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1. Introduction

Livestock production is one of the most extensive land uses across tropical regions,
where they represent a key asset but also a means of subsistence for rural traditional
populations (Eldridge et al., 2016; Erb et al., 2016). We refer to billions of animals feeding on
planted pastures but also on native vegetation from grasslands to forests (Kruska et al., 2003;
Ripple et al., 2014). Livestock production and the high demand for pastureland remains one of
the main causes of tropical deforestation, while livestock browsing can negatively affect
ecological organization including individual, population, community, and ecosystem levels
(Eldridge et al., 2016; Lorent et al., 2009; Merdas et al., 2021) in addition to acting as an
evolutionary force (Diamond, 2002). Perhaps one the most pervasive effects posed by
livestock browsing and trampling refers to seed production and seed/seedling mortality as it
can cause plant population decline/local extirpation, but also reduce vegetation ability to
regenerate (i.e., reduced resilience) with the expected cascades on biodiversity persistence and
the provision of ecosystems services (Bestelmeyer et al., 2015; Lorent et al., 2009).

In fact, livestock browsers can deplete the performance of forest regeneration
mechanisms (seed bank, seedlings and resprouts) but also the taxonomic and functional
composition of woody species seedling assemblages through a myriad of processes. Browsing
affects seed bank attributes directly and indirectly by reducing flower/fruit production
(Kratochwil et al., 2002) but also by causing seed mortality via trampling and fruit/seed
consumption as in the case of goats (Bonfil, 1998; Grande et al., 2013; Smit et al., 2006).
Seedlings can be consumed or die due to physical damage imposed by trampling (Abraham et
al., 2018; Laskurain et al., 2013). Selective browsing by livestock not only disfavors palatable
species but also promotes the establishment and proliferation of browsing-resistant species
(OIff & Ritchie, 1998; Socolar et al., 2016). Collectively, these processes can drive the
assembly and the dynamics of regenerating plant assemblages and the attributes of forest
regeneration from regrowth (i.e., forest resilience) to the functional profile of adult plant
assemblages and patterns of species diversity (Hanke et al., 2014; Metzger et al., 2005).

Livestock effects have been reported to be more intense in low-productivity
environments (Lezama et al., 2014). This may be particularly the case for tropical dry forests
with extensive free-ranging livestock herds, in most cases exotic animals such as cattle and
goats (Erb et al., 2016). Most of the tropical dry forests in fact support forest-dependent rural

livelihood depending on a set of land-use-related disturbances including slash-and-burn
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agriculture, extensive livestock production, and exploitation of forest resources (Lorent et al.
2009, Pravilie, 2016). For many of the dry forest biotas (such as those in neotropics), this
complex of disturbances emerged as Europeans arrived in the 16" century, while in the
paleotropics dry forests have been exploited by human populations since prehistoric times
(Alves et al., 2016). In both ecological scenarios, however, these disturbances have been
associated with forest degradation (sensu Ghazoul et al. 2015), although the relative
contribution of drivers remains poorly investigated, such as the impact by exotic goats.

The Caatinga dry forest in northeast Brazil is one of the largest and species-richest
blocks of dry forest globally (Silva et al., 2017). Since the European arrival in the 16"
century, it has been converted into successional mosaics consisting of crops fields, pastures,
regenerating and old-growth forest stands (Barros et al., 2021; Souza et al., 2019). These
forests remain exposed to the collection of forest products and extensive livestock utilizes the
native vegetation (Ribeiro et al., 2015; Sfair et al., 2018). More precisely, the total herd size
reaches up to 9 million goats at regional level and with a stock rate higher than one animal per
ha (IBGE, 2017). Anecdotal information describes goats in the Caatinga as generalist
herbivores consuming a wide range of plant parts, such as fruits, seeds, bark, litter, palatable
leaves (e.g., Leguminosae species), but also small quantities of unpalatable/poisonous leaves
(e.g., Cenostigma pyramidale), particularly in dry season (Leal et al., 2003; Fabricante et al.,
2017). Moreover, goats were observed to concentrate their foraging effort in old fields and
regenerating forest stands (Jamelli et al., 2021) with negative effects on the diversity and
above-ground biomass of herb and woody communities (Menezes et al., 2021; Schulz et al.,
2018, 2019). This is probably the ecological scenario of most dry forests globally, including
higher levels of aridity due to climate change, which is expected to increase dry forest
vulnerability to local disturbances such as overgrazing and collection of forest products due to
reduced ecosystem productivity (Tabarelli et al., 2017). Thereby, the Caatinga dry forest
represents an interesting opportunity to examine how free-ranging goats can affect forest
regeneration and resilience via trampling and herbivory and somehow contribute to the
emerging phenomenon of forest degradation globally.

In this study, we examine the impact of free-ranging goats on the seed bank and
seedlings of woody plant species in a human-modified landscape of the Caatinga dry forest.
Our study approach was to assess seed bank density, richness and taxonomic and functional
composition and monitor the survival of four transplanted woody seedling species for a year

in a goat-exclosure experiment set up across independent farms raising free-ranging goats. We
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expected goats to reduce viable seed availability and alter the taxonomic and functional
profile of seed bank assemblages via trampling, differential herbivory, or even selective
consumption of preferred fruits or seeds such as those offering fleshy parts. Likewise,
seedling survival will be drastically reduced by goat browsing and trampling. The uncovered
patterns are discussed considering the current degradation trajectory experienced by dry
forests.

2. Methods

2.1 Study area

This study took place at Catimbau National Park (8°24°00” and 8°36°35" S; 37°00°30" and
37°10°40" W), a protected area of 607 km? located in Pernambuco state, Northeast Brazil
(Fig. 1A-C). The climate is semiarid with a dry season lasting for around eight months, and a
wet season between March and June (Rito, Arroyo-Rodriguez, et al., 2017). The mean
temperature is 23°C and annual rainfall varies from 480-1100 mm with a strong Spatio-
temporal irregularity (Silva et al., 2017). Deep sandy soils are predominant in the National
Park (quartzite sands, 70% of the area), but planosols and lithosols are also present (Rito,
Tabarelli, et al., 2017). The vegetation is a mosaic of different physiognomies (from open
areas dominated by a mix of shrub and forb species to close areas dominated by low-statured
dry forest) and conservation states (Rito, Tabarelli, et al., 2017). Although the Park was
created in 2002, it has never been fully implemented and people continue living in a few
small, scattered villages, following their traditional livelihood activities within the area. This
includes extensive pastoralism of goats which is part of the economic activities of virtually
every household in the region for more than 100 years (Albuquerque et al., 2017, Menezes et
al., 2021). It is estimated that ca. 1000 families use the forest for free-range herding of goats
and each household raises 8-70 animals (Menezes et al., 2021).
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Figure 1. Study landscape and experimental design. Maps indicate the location of the study
region in the Brazilian Caatinga (A), the Catimbau National Park (rectangle) of 62,3 km?
embedded in the Caatinga domains (B), and all fourteen experimental blocks within the
Catimbau National Park (C). The schematic drawing (D) illustrates the detailed experimental
design with an example of an experimental block showing the side-by-side arrangement of
exclosure and free-access plots (non-fenced), in both of which six random sub-plots were
used to sample the seed bank and the seedling addition experiment with seedlings 1 m apart
from each other.

2.2 Experimental design

In 2014, a long-term experimental goat exclosure was installed in the Park with 14
paired blocks, each composed of two 20-m x 20-m (400-m?) plots side-by-side, where one
plot was open to goat activities (hereafter ‘free-access plots’) and the other one was fenced
against goats (hereafter ‘exclosure plots’) (Fig.1D, Fig.2A-C) (Menezes et al., 2021). Each
paired block was established in a different farm with its own goat herd, but in areas with the
same soil type (sandy and poorly fertile soils), relief (flat areas), (Menezes et al., 2021) and
vegetation (shrub-bush) with similar plant composition to control effects other than goats on
plant communities (Supplementary Material A). The density of goats in the study area ranged
from 0.2 goats/ha to 2.21 goats/ha. These densities fluctuate due to natural mortality and
commercial slaughter cycles (Menezes et al., 2021). This study is part of a major initiative
developed at Catimbau National Park aiming to understand how anthropogenic disturbances
and climate change affect the Brazilian Caatinga dry forest biota - PELD-PRONEX Catimbau

(www.peldcatimbau.org.br).
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Figure 2. Photo panel illustrating the goat exclosure experiment with free-access and fenced exclosure
plots set side by side (A and B). Evidence for goat-induced seedling mortality was provided by goat
footprints and/or droppings (panel B), observations of goat browsing on seedlings (C) and plastic tags
showing typical goat chewing marks (D).

2.2.1 Seed bank

We surveyed all seeds buried in the soil and those on the soil surface in six subplots of
20 cm x 20 cm in each plot of the paired blocks totaling 168 subplots, 84 in the exclosure and
84 in the free-access plots (Fig.1D). In each subplot, the first 5 cm of topsoil was sampled
(Santos et al., 2016). Soil samples were screened through sieves under a stereomicroscope to
separate soil from morphologically intact seeds. The intact seeds were identified to genus or
species level with the aid of specialized literature (e.g., Maia, 2004; Urquiza et al., 2019),
consultation with specialists, or by comparison with samples deposited in the herbarium
Geraldo Mariz (UFP herbarium) according to APG IV (2016). Following the definition of a
seed bank as the reserve of viable seeds buried in the soil (Garwood, 1989), we evaluated the
viability of the collected seeds using the tetrazolium test based on the procedure adopted by

Dantas et al. (2015). The seeds were immersed in a 1% aqueous solution of triphenyl
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tetrazolium chloride (TTC) in double-distilled water in Petri dishes, which were covered with
aluminum foil and incubated at 35°C temperature in dark for 4 hours. Then we washed the
seeds with running water and bisected longitudinally to observe the color of the embryo. A
reddish color indicates the presence of living tissue (Franca-Neto & Krzyzanowski, 2019),
while milky-white color means dead tissue. Thus, we considered the presence of living tissue
in the embryo as a signal of seed viability. Both procedures seed collection and viability
evaluation were repeated every three months in six different, randomly established, subplots
per plot from January to December 2019, thus completing a whole year of seed bank
monitoring.

For all seeds collected in the soil we characterized the following functional traits: type
of fruit (dry and fleshy), dispersal mode (autochoric, anemochoric, and zoochoric), type of
attractive structure (pulp, elaiosome, aril or none), size (small <0-0,6 cm, medium 0,6-1,5 cm
and large> 1,5 cm), dormancy (with or without), presence of pleurogram (with or without)
and persistence (transient, persistent, seasonal transient or pseudo-persistent (Garwood, 1989;
Meiado et al., 2012; Urquiza et al., 2019). Fruit type, dispersal mode, and type of attractive
structure tend to be related with the distance a seed is likely to reach, with seeds dispersed by
wind, or by highly mobile animals, being more likely to reach longer distances (Hughes et al.,
1994). Seed size is strongly correlated with the probability of a seed becoming buried and
incorporated into a persistent seed bank (Thompson, 2009). The presence of a pleurogram is
associated with the regulation of water absorption and dormancy break and, thus, seed
persistence in the soil (Melo-Pinna et al., 1999; Rodrigues-Junior et al., 2021). Although
dormancy is related to the persistence of seeds in the soil (Garwood, 1989), other factors, such
as soil conditions and environmental changes can trigger germination, and predation by
pathogens and animals may cause reduced longevity. Thus, dormancy is neither a necessary
nor a sufficient condition for the accumulation of a persistent seed bank (Thompson et al.,
2003). Seed size was taken from field measurements in the study area obtained by averaging
15 seeds per species. Information on the fruit type, dispersal mode, type of attractive
structure, dormancy, presence of pleurogram and persistence were taken from the literature
(e.g., Garwood, 1989; Meiado et al., 2012; Urquiza et al., 2019).

2.2.2 Seedling survival

We selected seeds of four abundant Caatinga woody species widely used by goats in

the study area for seedling production: Cenostigma pyramidale Tul., Piptadenia stipulacea

Benth, Pityrocarpa moniliformis Benth and, Senegalia bahiensis Benth, all from the
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Leguminosae family. After being cultivated for three months in a greenhouse, 200 seedlings
per species were transplanted to 10 pairs of exclosure and free-access plots (i.e., 10 seedlings
per species per plot). Seedlings were planted 1 m apart from each other and received an
individual plastic tag (Fig.1D). We monitored the survival of these seedlings in 3-month
intervals for one year from March 2020 to February 2021. Seedling mortality was assigned to
goats when a seedling was (1) observed to be browsed or trampled by goats (Fig. 2C), (2)
missing and goats could be identified as the culprit because the attached plastic tag showed
typical goat chewing marks or was surrounded by goat footprints and/or droppings (Fig.2D),
and (3) missing without any clear cause other than goats (e.g. typical traces of leaf-cutting
ants, such as leaf fragments left behind). Although we cannot guarantee that all dead/missing
seedlings were damaged/removed by goats, paired exclosure experiments were exposed to the
same abiotic and biotic conditions except goat presence. Additionally, the Catimbau National
Park is depleted of other vertebrate browsers able to remove entire seedlings without a trace
(Alves et al., 2020).

We computed survival on each plot k, at date j as:

o n seedlings (j, k)
Survival jk = - X100
n seedlings (Start, k)

Where n seedlings (j,k) is the number of seedlings in plot k on date j and n seedlings (Start ,
k) is the number of seedlings at the start of the experiment in that plot.
2.3 Data analyses

Because we had data on both total seed number and number of viable seeds in the soil,
we evaluated the effect of goats on the proportion of viable seeds related to the total seed pool
in the soil by applying generalized linear mixed models (GLMMs) (Bates et al., 2014; Zuur et
al., 2009) using a Binomial error distribution. We used the variable ‘treatment’ (exclosure vs.
free access) as the main effect. As previously established in the literature, seed deposition can
change according to time (Ceccon et al., 2006; Meiado et al., 2012). Therefore, 'time' was also
considered as a covariate in our model selection. Because our experimental design included
plots and different species that have different amounts of propagules produced, we used ‘plot
pair’ and ‘species’ as random effects. We selected the best model applying the “dredge”
function in MuMIn package to select the best-fixed structure according to AlICc (Barton,
2013). Only models with delta AlCc < 2 were selected as plausible explanations for the
observed patterns. Finally, we used the Akaike weight of evidence (WAIC) to obtain the

relative importance of the different models (Burnham & Anderson, 2002).
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The alpha diversity was investigated using Hill Numbers (D) (Chao et al., 2014). The
g-metric of Hill index reflects the sensitivity of the index to relative abundances of species;
here the following g values were used: q = 0 corresponds to species richness (incidence-based
diversity); q = 1 is equivalent to the exponential of Shannon’s entropy index (abundance-
based diversity in which great weight is given to common species); g = 2 is the equivalent of
the inverse of Simpson’s concentration index (abundance-based diversity in which great
weight is given to dominant species) (Chao et al., 2014). We tested if the alpha diversity
indices differed between paired exclosure and free-access plots and in time by using repeated
measure analyses through GLMMs. Thus, we used as a main effect ‘treatment’ (exclosure vs.
free access) and 'time' as a covariate in our model selection. We used ‘plot pair’ as random
effects.

Regarding taxonomic and functional composition of the seed assemblages, we first
tested whether goats cause homogeneity in the seed bank by using the average dissimilarity
from individual observation units to their group centroid in multivariate space (Anderson et
al., 2006). We used the Bray-Curtis dissimilarity index to quantify species turnover
differences between two treatments (Anderson et al., 2006). The distance of beta diversity
values about their respective centroids indicates homogeneity and describes how communities
of a given treatment differ from each other. We tested for significant differences in
community dispersion around centroids for each treatment using the function “betadisper” in
the R package “vegan”. We also tested for differences in the functional traits of seeds (i.e.,
type of fruit, dispersal mode, type of attractive structure, size, dormancy, presence of
pleurogram and persistence) in exclosure and free-access plots. For this, we used chi-square
tests to examine the frequency of seeds within each functional trait (i.e., weighting species
abundance in each trait) in exclosure vs. free-access plots (Following Peco et al., 2005).

To test the effect of goats on the survival of seedlings, we used a GLMM with a
binomial error distribution. The variables ‘treatment’ (exclosure vs. free access) was used as
the main effect and 'plot pair' was defined as a random effect. "Time' was also considered as a

covariate in our model selection. All analyses were performed in R software.

3. Results
3.1 Seed bank
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A total of 1828 seeds (68 seeds per m?) from 41 species were recorded across
exclosure and free-access plots (Supplementary Material B). The most abundant species were
Pityrocarpa moniliformis and species of the genus Croton (Croton blanchetianus, Croton
heliotropifolius and, Croton argyrophylloides) (Fig. 3A). Considering all seeds found, most
species were classified as dry fruits (75%) while fleshy fruits accounted for one-quarter of all
species (25%). Regarding the dispersal mode, autochory was the most common (60%),
followed by zoochory (35%) and anemochory (5%). Seed size varied between small (51%)
and medium (49%) and the most common attractive structure was an elaiosome (33%), but
pulp (14%) and aril (9.5%) were also recorded. Sixty percent of the seeds had some type of
dormancy, while 32% presented pleurogram. Finally, 57% of the seeds were classified as
forming a transient seed bank, while seasonally transient seeds accounted for 43% of the total

seed bank (Supplementary Material C).
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Figure 3. Species-rank abundance distribution for the total seeds sampled across 28 plots (A), viable
seeds sampled across 14 paired free-access (B), and exclosure (C) plots of a Caatinga dry forest in the
Catimbau National Park, Northeast Brazil. Only the four top-ranked species are indicated; all others
can be found in Supplementary Material A.

Of the total number of seeds collected, only 377 (21%) from 24 species (58%) were
considered viable, thus building up the seed bank. The overall density of the seed bank
averaged 14 seeds/m? across all plots. A total of 227 viable seeds were recorded in free-access
plots compared to 150 viable seeds in the exclosure plots (Supplementary Material B). In both
treatments, the seed bank was dominated by a few species, which occurred at high densities,
such as Pityrocarpa moniliformis, Senegalia bahiensis, and Senegalia piauiensis (Fig. 3B and
3C). These three species contributed 77.4% of all viable seeds (see Supplementary Material

B). The proportion of viable seeds was 25.85% in the exclosure plots and 31.49% in the free-
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access plots, a non-significant difference (Table 1, Fig. 4A). The average total species
richness (°D) of seeds was 1.08 (+ 1.0) in the exclosure and 1.21 (+ 1.09) in plots where goats
had free access. Average species richness of common (*D) and dominant (2D) seed species
followed the same pattern: 0.99 (+ 0.93) and 0.94 (£ 0.87) in exclosure plots and 1.08 (+ 0.97)
and 1.02 (£ 0.80) in free-access plots, respectively. According to the small differences, our
models revealed that the goats did not affect alpha diversity (Table 1, Fig 4B, C and D). We
also did not observe changes in the proportion of viable seeds depending on the month of
collection (See Supplementary Material D). The average distance of values of beta diversity
of each treatment to their centroids was similar in exclosure (0.59) and free-access plots
(0.58) and the beta diversity among free-access plots did not differ significantly (p=0.8)
(Fig.5). Contrary to what we expected, we did not observe an association between the
frequency of traits and goat presence, indicating that there are no goat-induced changes in the

predominance of a range of seed functional traits (Table 2).

Metric Best predictor WAICc Est SE P
variable

Proportion of Treatment 0.56 0.04 0.21 0.22

viable seeds

°D Treatment 0.52 0.11 0.18 0.52

D Treatment 0.53 0.08 0.16 0.61

D Treatment 0.53 0.07 0.15 0.63

Seedling survival ~ Treatment + Time 1 2.3-0.61 0.16-0.18 >0.01

Table 1. Results of GLMM analysis with AICc model selection testing the effects of goats on the
proportion of viable seeds, different measures of alpha diversity (°D, 'D and °D) of seed bank and
seedling survival sampled across 14 paired free-access and exclosure plots of a Caatinga dry forest in
the Catimbau National Park, Northeast Brazil. Treatment corresponds to exclosure x free access. Time
corresponds to the month of survey from January to December 2019. Only models with delta AlCc < 2
were selected as plausible explanations for the observed patterns (see Supplementary Material C for
full model selection). wAICc gives an estimate of the probability of that given model to be the best
choice under the AICc criteria. “+” indicates that the following presented variable is co-varying to
explain the changes on the metric in the corresponding model.
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Figure 4. Effects of goats on the proportion of viable seeds (A), different measures of alpha diversity
(B, C and D) sampled across 14 paired free-access and exclosure plots of a Caatinga dry forest in the
Catimbau National Park, Northeast Brazil. The biggest dots represent treatment medians. Each dot
represents a sample.



44

[Ty]
[ R
C i
T ! —
o] 1 |
=] Ty} 1 .
c © 4
8 O
9 _
'y}
® 0
C (]
E a T
2, ; :
o 3 - | :
o 1
| T
Exclosure Free access

Figure 5. Boxplot showing the effects of goats on beta diversity. Beta diversity is measured as the
distance-to-centroid in a multidimensional space (Anderson et al., 2006). Dark horizontal lines show
the median, with the upper and lower boxes the 25th and 75th percentiles, respectively. The dashed
lines indicate either 1.5 times the interquartile range or the maximum and minimum values.

Seed functional trait Chi-square df p value
Fruit type 0.00 1 0.98
Dispersal mode 1.07 2 0.58
Type of attractive structure  3.02 3 0.38
Seed size 0.90 1 0.34
Dormancy 0.36 1 0.54
Presence of pleurogram 0.00 1 0.97
Persistence 0.30 1 0.57

Table 2. Results of chi-square tests on the frequency of seed functional traits of viable seeds sampled
across 14 paired free-access and exclosure plots of a Caatinga dry forest in the Catimbau National
Park, Northeast Brazil.

3.2 Seedling survival

After one year of seedling addition, overall seedling survival was 53.8%. Regarding
treatments, 68.4% were alive after one year of transplanting in exclosure plots, while 39.6%,
were in free-access plots. Seedling survival was negatively affected by goats and time (Table
1, Fig. 6). Seedling survival varied among species. The lowest survival was observed in
Pityrocarpa moniliformis with 28% in areas of free access and 60% in areas of the exclosure.
Cenostigma pyramidale and Piptadenia stipulacea had higher percentages of survival in the

areas of exclosure (81 and 79%, respectively), while 46 and 42% of their seedlings survived
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in the areas of free access. Senegalia bahiensis had a survival rate of 53% in exclosure and

40% in free-access plots.
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Fgure 6. Seedling survival over a 1-year period (in four surveys from March 2020 to February 2021)
across 20 paired plots, 10 with goat exclosure and 10 with free goat access in the Caatinga dry forest,
Catimbau National Park, Northeast Brazil. Error bars reflect standard deviation around the mean.

4. Discussion

Our results suggest that human-modified landscapes of the Caatinga dry forest
naturally support a low-density and taxonomically impoverished seed bank, with relatively
few viable seeds and dominated by a small team of small abiotically-dispersed seeds, i.e., a
biased subset from the regional flora. Precisely, the seed bank lacks medium-to-large seeds
associated with fleshy tissues, which should be either consumed or damaged by goat
trampling such as those from Pouteria sp., Hymenaea courbaril, Ziziphus joazeiro, Spondias
tuberosa, Syagrus coronata; all of them still present in our focal region. In this context, free-
ranging goats do not affect any seed bank attribute at the community level, from density to
functional composition. However, goats substantially reduce seedling survival even
considering a single year of seedling exposition. Goat effects include the dominant species in

the seed bank, which may indicate a direct impact of these animals on forest regeneration by
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directly reducing the seedling abundance and species richness. Although we did not monitor
every single seedling to guarantee that all seedling mortalities were caused by goats, there is
no reason to believe that cross-habitat differences on seedling mortality resulted from other
undocumented mechanisms operating across 14 spatially independent farms (14 different goat
herds). We did not identify any significant sign related to other herbivores such leaf-cutting
ants and grasshoppers.

Our results support the idea that tropical dry forests frequently exhibit a low number of
seeds (i.e. 5-164 seeds m2; Khurana and Singh, 2001; Skoglund, 1992) and seedlings from
woody plant species (<0.05 seedlings/m?; Vanderlei et al. 2022) in response to the harsh
conditions imposed to seed production, seed dispersal and persistence on the ground as well
as to seed germination and seedling survival, particularly water stress (Ceccon et al., 2006;
Cueva-Ortiz et al., 2020; Vieira and Scariot, 2006). Regardless of the seed abundance and
diversity, livestock browsers have been reported to negatively impact the seed bank
(Erfanzadeh et al., 2016; O’connor & Pickett, 1992; Sanou et al., 2018), e.g., a 32% decrease
in Sternberg et al. (2003), by consuming the reproductive culms of plants (Gill, 2006;
Tessema et al., 2012). On the other hand, grazing has been reported to significantly increase
the richness and diversity of the soil seed bank by increasing the richness and diversity of the
aboveground vegetation (Hu et al., 2019). In contrast, we had no evidence of such effects,
although in the Caatinga dry forest goats have been observed not only to consume fleshy
fruits deposited on the ground but also to cause population declines in fleshy fruit-bearing
species. For example, goats have been proposed to cause the collapse of Spondias tuberosa
population via intense fruit consumption, from 1004 seeds/m? in non-grazed areas to 31
seeds/m? in grazed areas (Cavalcanti et al., 2008; Mertens et al., 2017). Moreover, goats are
probably the most important seed dispersers (by regurgitating intact seeds) of the Syagrus
coronata palm species across regenerating forest stands and old fields in our focal landscape
(Goncalves et al., 2020). Although goats are pointed out as a seed dispersal agent (Baraza &
Valiente-Banuet, 2008; Sena et al., 2021), this effect is more pronounced for exotic than for
native plant species (Sena et al., 2021). Prosopis juliflora, for example, is the species with the
highest number of germinated seeds found in goat feces (Sena et al., 2021). However, it is an
exotic and invasive plant species that affects the composition and structure of the shrub-tree
component of the Caatinga, increasing seedling mortality among native woody plant species
(Souza Nascimento et al., 2020, 2014).
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What would then explain our uncovered patterns related to the seed bank? We
enumerate at least three processes. First, most of the recorded seeds are either (1) too small or
not attached to fleshy tissues and thus not attractive to goats or (2) too small to be damaged by
trampling in the soft sandy soil of our focal landscape. Such a low vulnerability is also true
for those abundant seeds from the Leguminosae family that have hard coats. Second, a
reasonable proportion of the seeds in addition to being small are secondarily dispersed and
concentrated in ant nests, i.e., myrmecochorous species such as those from the genus Croton
and the genus Cnidosculus (Leal et al., 2007, 2017). Finally, most of the seeds in the bank are
not viable or shall exhibit rapid germination as indicated by the presence of a pleurogram; a
structure associated with rapid seed imbibition (Melo-Pinna et al., 1999). In other words, our
focal soil seed bank is poor in seeds that are somehow vulnerable either to damage by
trampling or to fruit/seed consumption such as those from species with large fleshy fruits
(Leal et al., 2003; Santos et al., 2008). In fact, goats are already operating across vegetation
mosaics including old fields and regenerating stands (Jamelli et al., 2021), in which woody
plant assemblages are already dominated by disturbance-adapted species (Rito, Tabarelli, et
al., 2017; Sfair et al., 2018).

On the other hand, goats have an effective impact on the seedling fate in the Caatinga
dry forest, even considering a short period of seedling exposition. As already observed,
seedling mortality result from intense browsing, although physical damage imposed by large
herbivore trampling has been documented (Barton & Hanley, 2013; Gill, 2006; Laskurain et
al., 2013). In addition to browsing seedlings, some plastic tags were also chewed by goats
(see Fig.2), as well as those paper bags we have used to stores seeds in our focal landscape.
This confirms both scientific and anecdotal reports describing goats in the Caatinga dry forest
as generalist browsers that consume all plant-related items, including bark, litters, and small
amounts of unpalatable plants such as Malvaceae species (Menezes et al., 2021) and
Cenostigma pyramidale (Fabricante et al., 2017). Thereby, it is not surprising that goats
consume entire seedlings from P. monilifomis in our experiment, a very palatable species
according to local farmers, and one of the dominant species in the adult tree assemblages
across both regenerating and old-growth forest stands in our focal landscape (Souza et al.,
2019).

Goat-driven seedling mortality is consistent with previous findings in our focal
landscape as follows: (1) negative impact on the diversity of herb assemblages, (2) reduced

abundance of woody species seedlings; i.e. < 0.05 seedlings/m?, (3) negative responses from
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woody plants to chronic disturbances including livestock pressure at population and
community levels, (4) forest regeneration depending on a set of resprouting species such as P.
moniliformis, (5) the occurrence of extensive old fields dominated by unpalatable herbs from
the Erisantia genus (Menezes et al., 2021), and (6) goat preference for old fields and
regenerating forest stands (Jamelli et al., 2021). Considering the stress imposed to woody
plant seedlings due to water shortage (i.e., seasonal climate, frequent droughts plus habitat
desiccation due to biomass exploitation), any mortality imposed by goats is likely to impact
the Caatinga dry forest from population to ecosystem level. In this, context we propose as a
working hypothesis that slash-and-burn agriculture plus goat-driven seedling mortality drive
the Caatinga dry forest to persist via resprouting by woody species with all cascades imposed
by this regeneration strategy such as biotic homogenization (Arroyo-Rodriguez et al., 2017;
Chazdon, 2012). This perspective contrasts to (1) the lack of exclosure experiments able to
identify goat effects; please note that the Caatinga dry forest is concomitantly exposed to
several natural/human-related disturbances what eliminates the possibility to disentangle the
drivers, (2) a common sense recognizing the Caatinga as a resilient forest, (3) current stock
rates usually exceeding one animal per ha feeding on native vegetation, and (4) increased
aridity as the main trend of climate change in the Caatinga (Aradjo, 2010; Magrin et al. 2014;
IBGE, 2017; Torres et al., 2017). Like most dry forests globally, the Caatinga is already
moving along a degradation trajectory with tangible impacts on forest resilience and human-
population vulnerability to further disturbances. In this context, future studies should further
investigate to which extent free-ranging livestock (a common dry forest land use) impacts

these relevant biotas.
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Supplementary Material

Supplementary Material A. Hierarchical clustering analysis based on the Bray-Curtis
dissimilarity index. Dendrogram represents floristic composition similarity between exclosure

(EX) and free goat access (FA) in all fourteen plots in the Caatinga dry forest of the Catimbau

National Park, Northeast Brazil.

=

-

w
=

Height
0.2




57

Supplementary Material B. Woody plant species from which seeds were sampled in

topsoils of 14 paired exclosure and free-access plots in the Caatinga dry forest of the

Catimbau National Park, Northeast Brazil. For each species the total number of seeds and the

number of viable seeds is provided.

Species

Anadenanthera colubrina
Annona leptopetala
Byrsonima gardneriana
Cenostigma pyramidalis
Cnidosculus bahianus
Cnidosculus quercifolius
Commiphora leptophloeos
Croton argyrophylloides
Croton blanchetianus
Croton grewioides
Croton heliotropifolius
Croton nepetaefolius
Erythroxylum

Guapira graciflora
Jatropha mutabilis
Manihot carthaginensis
Mimosa tenuiflora

Peltogyne pauciflora

Exclosure

Total

145

339

154

36

20

10

Free access

77

88

40

21

Viable




Piptadenia stipulacea

Pityrocarpa moniliformis

Ruprechtia laxiflora

Senegalia bahiensis

Senegalia piauiensis

Senna accuruensis

Senna cana
Senna rizzinii

Strychnos sp

Trischidium molle

Varronia leucocephala

Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.
Unidentified sp.

Unidentified sp.

1

2

10

11

12

16

101

18

34

35

24

14

13

48

32

32

12

309

33

16

45

13

10

136

29

15
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Supplementary Material C. Functional seed traits of woody plant species sampled across 14 paired plots with free goat access and goat

exclosure in Caatinga dry forest (Catimbau National Park, Northeast Brazil). Traits: fruit type, dispersal mode, type of attractive structure, seed

size, dormancy, presence of pleurogram and persistence.

Specie Fruit Dispersal Attractive  Seedsize  Dormancy Pleurogram  Persistence References
type mode structure

Anadenanthera colubrina  Dry Anemochoric  None Medium No Yes Seasonal transient (Duarte 1978, Barbosa
1980, Souza et al.
1980a)

Annona leptopetala Flashy Zoochoric Pulp Medium No No Transient (Figueiredo, 2016)

Byrsonima gardneriana Flashy Zoochoric Pulp Medium Yes No Seasonal transient (Bezerra, 2004)

Cenostigma pyramidale Dry Autochoric None Medium Yes No Seasonal transient (Alves et al., 2007;
Urquiza et al., 2019)

Cnidosculus bahianus Dry Autochoric Elaiosome Medium Yes No Transient (Griz & Machado,
2001; Leal et al., 2007;
Lima & Rodal, 2010;
Urquiza; et al., 2019)

Cnidosculus quercifolius  Dry Autochoric Elaiosome Medium Yes No Transient (Christian & Stanton,

2004; Leal et al., 2007;
Lima & Rodal, 2010;
L. M. D. M. Silva et
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Commiphora

leptophloeos

Croton argyrophylloides

Croton blachetianus
Croton grewioides
Croton heliotropifolius
Croton nepetaefolius
Guapira graciflora
Piptadenia stipulacea

Pityrocarpa moniliformis
Senegalia bahiensis
Senegalia piauiensis
Senna accuruensis

Senna cana

Flashy

Dry

Dry
Dry
Dry
Dry
Flashy
Dry

Dry
Dry
Dry
Dry
Dry

Zoochoric

Autochoric

Autochoric
Autochoric
Autochoric
Autochoric
Zoochoric

Autochoric

Autochoric
Autochoric
Autochoric
Autochoric

Autochoric

Avril

Elaiosome

Elaiosome
Elaiosome
Elaiosome
Elaiosome
Pulp

None

None
None
None
None

None

Medium

Small

Small
Small
Small
Small
Medium

Small

Small
Small
Medium
Small

Small

Yes

Yes

Yes
Yes
Yes
Yes
No

Yes

Yes
Yes
Yes
No
No

No

No

No
No
No
No
No
Yes

Yes
Yes
Yes
Yes
Yes

Transient

Transient

Transient
Transient
Transient
Transient
Transient

Seasonal transient

Seasonal transient
Seasonal transient
Seasonal transient
Seasonal transient

Seasonal transient

al., 2005; Urquiza; et
al., 2019)

(Affonso et al., 2013;
Griz & Machado,
2001; M. V. Meiado et
al., 2012; Salomao et
al., 1996)

(Griz & Machado,
2001; Leal et al., 2007)

(Lima & Rodal, 2010)

(Benedito et al., 2019;

Lima & Rodal, 2010)

(Felix et al., 2020)

(T. M. Souza, 2015)

(Medeiros et al., 2019)
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Senna rizzinii Dry Zoochoric None Small No Yes Seasonal transient
Trischidium molle Dry Zoochoric Aril Medium Yes No Seasonal transient (Meiado, 2008)
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effects of goats on the proportion of viable seeds and alpha diversity (°D, !D and 2D) of seed

bank and seedlings survival. Treatment corresponds to exclosure x free access. Time

corresponds to month of survey. Only models with delta AICc < 2 were selected as plausible

explanations for the observed patterns. wAICc gives an estimate of the probability of that
given model to be the best choice under the AICc criteria. “+” indicates that the following

presented variable is co-varying to explain the changes on the metric in the corresponding

model.
Metric

Proportion of viable seeds

°D

D

’D

Model

Treatment

Treatment + Time

Time

Null

Treatment

Null

Time

Treatment + Time

Treatment

Null

Time

Treatment + Time

Treatment

Null

Time

Treatment + Time

wAICc

0.56

0.20

0.17

0.06

0.52

0.22

0.18

0.07

0.53

0.20

0.18

0.07

0.53

0.20

0.18

0.07

AlCc

0.00

2.09

2.39

4.47

0.00

1.75

2.15

3.94

0.00

1.91

2.13

4.09

0.00

1.94

2.11

0.07



Survival of seedlings

Treatment + Time

Treatment

Time

Null

1.00

0.00

0.00

0.00
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0.00

25.33

128.78

178.85
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4 ARTIGO 2

O contelido desta se¢do consiste em um artigo intitulado “Effects of goats on seedling dynamic
and diversity of woody species in the Caatinga dry forest” a ser submetido a revista Journal of
Ecology. A formatagdo do artigo segue as normas estabelecidas pela revista disponiveis no

anexo A deste documento.
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Abstract

Livestock production is one of the most widespread human disturbances and can affect
regeneration processes through demographic changes such as recruitment and establishment of
seedlings. Here, we follow seedling dynamics over five years to observe the effect of goats
grazing and trampling in an area of Brazilian Caatinga, the largest seasonally dry tropical forest
in South America. We monitored seedling recruitment, mortality, turnover and alpha and, beta
diversity through a goat exclosures experiment composed by 14 paired exclosure vs. free-access
plots. We observed 703 seedlings from 36 species over the five years (0.08 seedling/m?).
Senegalia sp., Jatropha mutabilis, and Cenostigma pyramidales were the most abundant
species. Goats grazing did not change seedling recruitment as the number of recruits was similar
between exclosure (363 seedlings) and free-access plots (340 seedlings). However, seedling
mortality in free-access plots was 2.3 times higher than in exclosure plots. Alfa diversity
increase over time on exclosure plots. Goats negatively affect beta diversity, especially in rare
species, although did not change species turnover. These results indicate that goats can change
regeneration processes in seasonally dry forests, reducing resilience capacity mainly associated

with seedlings establishment.

Keywords: exclosure experiment, herbivory, natural regeneration, seedling recruitment,

seedling mortality.
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1. Introduction

Tropical forests have been impacted by land-use changes that induce increased levels of
deforestation and can lead ecosystems to degradation (Ghazoul et al., 2015; Specht et al.,
2015). These human activities reduce the ability of native vegetation to regenerate by
reducing sources of forest resilience as seed production and seedling establishment
(Bestelmeyer et al., 2015). Livestock is one of the most widespread human disturbances (Erb
et al., 2016) that can negatively affect initial regeneration by reducing recruitment, increasing
seedling mortality, decreasing resilience via consumption and trampling, as well as changing
species composition (Kladivova & Minzbergova, 2016; M. Li, 2012; Lieberman & Li, 1992).

Livestock effects can change vegetation patterns through distinct and spatial scales
exhibiting contrasting results (Austrheim & Eriksson, 2001; Hanke et al., 2014). At a local
scale (i.e., alfa diversity), livestock grazing, and trampling disturbances might increase
species diversity, by decreasing competitiveness and favoring the colonization of new species
(Alhamad, 2006; Nishizawa et al., 2016) but also can decrease preferred species (Lopez-
Sanchez et al., 2016; Tasser et al., 2007). At the landscape scale (beta diversity), grazing and
trampling could promote species differentiation between communities (i.e., heterogeneity)
(Pakeman & Fielding, 2021), select a more similar species subsets, which engenders
compositional convergence (i.e., homogenization) by extinguishing rare species or by
transforming rare into widespread species (Socolar et al., 2016). Additionally, grazing
exclosure allows for an increased abundance of grazing-sensitive species, increasing species
turnover over time in areas in which herbivores were excluded (Carmona et al., 2012;
Pakeman & Fielding, 2021). Understanding livestock grazing consequences for regeneration
is essential to predicting successional trajectories related to conservation, restoration, and
management strategies for tropical forests (Quisehuatl-Medina et al., 2020).

The impacts caused by livestock on natural habitats tend to be most evident in
seasonally dry tropical forests habitats (hereafter dry forests), where water is a scarce resource
(Farrell & Fehmi, 2018; Schulz et al., 2018) and regeneration processes tend to be slow
compared to wet tropical forests (Vieira & Scariot 2006). Caatinga dry forest is an example of
a dry forest that have been frequently affected by livestock raising (Ribeiro et al., 2015; Sfair,
de Bello, et al., 2018). The extensive livestock in Caatinga — mostly by goats — dates to the

17th Century and still, it is one of the main economic activities of rural communities (Alves et
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al., 2009). It is estimated that 91.6% of goat raising in Brazil is concentrated in the Caatinga
region (IBGE, 2017) and this impact is thought to be one of the main causes of land
degradation of this ecosystem (Melo, 2017). Although some studies indicate that goats
negatively affect herbaceous diversity (Menezes et al., 2021) and adult woody plant
assemblages (Schulz et al., 2019), uncertainty remains on the potential impact on the seedling
assemblages. Some studies fail to assess seedling assemblages’ effect due to low number of
recruits found (e.g., in Schulz et al., 2019, Vanderlei et al 2022) resulting by a variety of
reasons including time variations and prolonged droughts. Thus, studies over time would be

able to detect effect of goats on seedlings assemblage.

Here, we follow the recruitment and mortality of seedlings over five years evaluating
the effect of goat grazing and trampling on alpha (within plots) and beta (across plots)
diversity of woody seedlings species within the Caatinga dry forest. We contrast free access
and exclosure plots to address the following questions over the exclosure time: (1) how goats
affect the regeneration process through seedling recruitment and mortality? (2) do goats
reduce the occurrence of total, common, and dominant species (i.e., alfa diversity)? (3) does
the exclusion of goats affect the species turnover across exclosure and free access plots? Our
general hypothesis is that goats negatively affect seedling assemblages via grazing and
trampling. We thus expect: (1) an increasing number of recruits and local diversity of
seedlings with the time since exclosure; (2) higher mortality of seedlings in free access plots
compared to exclosure plots; (3) a reduce beta diversity across free access plots mainly by
exiting rare species; and (4) a higher turnover in exclosure plots via increased abundance of

grazing sensitive species.

2. Method
2.1 Study area

This study was carried out at Catimbau National Park (8°24°00” and 8°36°35" S; 37°00°30”
and 37°10°40” W), a protected area of 607 km? located in Pernambuco state, Northeast Brazil.
Deep sandy soils are predominant in the Park (quartzite sands, 70% of the area), but planosols
and lithosols are also present. The climate is characterized as semiarid with a dry season
lasting for around eight months and a wet season between March and June when most of
annual precipitation often varies from 480-1100 mm is registered (Silva et al., 2017).

Vegetation is composed by a mosaic of different physiognomies varying from open areas,
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mixed forb-shrub areas to closed areas dominated by low-statured tree species (Rito et al.,
2017). Although the Park was created in 2002, the area has never been fully implemented and
people live in a few small, scattered villages within the protected area. These people have
never been indemnified to leave the Park and continue to develop their traditional life way
inside the protected areas. This includes extensive pastoralism of goats that is part of the
economic activities of virtually every household in this region for more than 100 years
(Albuquerque et al., 2017; Menezes et al., 2021). It is estimated that ca. 1000 families use the
forest for free-range herding of goats and each household raises 8-70 animals (Menezes et al.,
2021).

2.2 Experimental design and data collection

In November 2014, a goat exclosure experiment was installed in areas in the Park
consisting of 14 20 m x 20m (400m?) paired plots, one of free access to goats (hereafter free
access plots) and another placed side by side that was fenced (hereafter exclosure plots;
Menezes et al., 2021) . The plots are in areas with the same type of soil (sandy and poorly
fertile), relief (flat areas) and vegetation (shrub-bush) (Menezes et al., 2021) with similar
plant composition to control effects other than goats on plant communities. This study is part
of a major initiative developed at Catimbau National Park aiming to understand how
anthropogenic disturbances and climate change affect the Brazilian Caatinga dry forest biota -
PELD-PRONEX Catimbau (www.peldcatimbau.org.br).

Woody seedlings were sampled in five subplots of 2 m x 2 m in each plot of the pair
totaling 140 subplots, 70 in the exclosure and 70 in the free access plots. The monitoring of
woody seedlings on paired blocks was performed every three months. The first seedling
censuses were conducted from April 2015 to April 2017, while the second from April 2019 to
April 2021. During each survey, all the seedlings of trees and shrubs that were <50 cm tall
and <3mm diameter were marked with the numbered seal, identified and recorded. In
addition, from the second survey until the end of the study, any unmarked individual was
recorded as a recruit and identified, and any dead seedling was recorded and identified

according to its label.

The number of recruits (recruitment) was obtained by counting the new individuals in

atime. Here, we consider “time” a survey number (from time 0 to 14° quaterly survey 60
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months after the first survey). Mortality was computed by considering the dead individuals

proportion concerning the individual’s number in the previous survey.

The alpha diversity was investigated using Hill Numbers (qD) (Chao et al., 2014). The
g-metric of Hill index reflects the sensitivity of the index to relative abundances of species;
here following q values were used: q = 0 which reflects species richness (incidence-based
diversity); q = 1 is equivalent to the exponential of Shannon’s entropy index (abundance-
based diversity in which great weight is given to common species); g = 2 is the equivalent of
the inverse of Simpson’s concentration index (abundance-based diversity in which great

weight is given to dominant species) (Chao et al., 2014).

Considering that different beta diversity coefficients assign different weights on
composition change, incidence-based and abundance-based coefficients were used. Thus, beta
diversity was estimated using both Jaccard and Bray Curtis coefficients, calculated using the
package vegan. For this, we calculated the distance of each plot to the centroid in a

multivariate order considering all plots for each treatment (following Villar et al., 2020).
2.3 Statistical analysis

We tested if recruitment and mortality were affected by treatment (goat exclosure vs.
free access) along the time (15 surveys) using Generalized Linear Mixed Models (GLMMs).
Random effects accounted for effects of plot within plot pair within time (categorical). The
effect of treatment and time on seedlings was examined with a negative binomial error
distribution to deal with overdispersion (recruitment) and binomial distribution to deal with
proportion (mortality). We selected the most parsimonious model from among the candidate
models using Akaike's Information Criterion (AIC) following the suggestion by Zuur & leno
(2016).

We tested if the alfa diversity indexes differed between paired exclosure and free
access plots and in time by using repeated measures analyses through GLMMs with an
analogous structure as the one described above. We used the distance values of beta diversity
for every time to test the variation between different treatments with repeated measures by
using a GLLMM to the ones used in tests of differences in alfa diversity. To test these effects
on rare species, we further examined differences in beta diversity and between treatments for
dominant and rare species. We considered rare species those showing up to two individual

seedlings across the plots for any one time. Finally, to assess whether the difference in plant
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species composition was due to species replacement, we used the additive partitioning of the
total beta diversity. All statistical analyses were performed using R version 3.2.3 (R Core

Team).

3. Results

In five years since beginning of the exclosure experiment, a total of 703 seedlings
from 36 woody species were counted, 363 in exclusion plots and 340 in free access plots
(Supplementary Material S1). The average recruits were 0.08 seedling/m?2 considering the five
years and all species together. Senegalia sp, Jatropha mutabilis and, Cenostigma pyramidalis
were the most abundant species, both in exclosure and free access plots (Fig 1). The number
of recruits changed along temporal trajectories (Table 1, Fig. 2). However, contrary to our
predictions, the absence of goats did not affect the number of recruits (Table 1, Fig. 2).
Mortality was significantly higher in free access plots than in exclosure plots (14.8% and
6.4%, respectively) (Table 1, Fig. 2). The species with the highest number of dead individuals
were Senegalia sp., Jatropha mutabilis and, Cenostigma pyramidalis.
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Figure 1- Species-rank abundance of seedlings in exclosure (left) and control plots (high) across 28
plots of a Caatinga dry forest in the Catimbau National Park, Northeast Brazil. Only the three top-
ranked species are indicated; all others can be found in the Supplementary Material S1
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Metric Best model Estimate Error P value
Recruitment Treatment+  -0.26 0.24 0.27
Time + 0.13 0.03 <0.01
Mortality Treatment 0.81 0.11 <0.01
Total species (°D) Treatment +  -0.72 0.06 <0.01
Time 0.10 0.00 <0.01
Common species (*D)  Treatment+  -0.70 0.07 <0.01
Time 0.08 0.00 <0.01
Dominant species (?D) ~ Treatment+  -0.68 0.07 <0.01
Time 0.07 0.00 <0.01
Bray-Curtis distance Treatment -0.02 0.01 0.035
Jaccard distance Treatment -0.03 0.01 <0.001
Dominant Treatment 0.02 0.03 0.51
Rare Treatment 0.05 0.00 <0.05

Table 1. Final models to explain parameters of regeneration (recruitment, mortality), alpha diversity
index (°D, D and 2D), and parameters of beta diversity considering all species (total) for Bray-Curtis
and Jaccard distance and dominant and rare species (based on Jaccard distance) after AIC model
selection. The table shows estimates for the main effects of treatment (reflecting differences from free
access plots, time (reflecting net temporal trends on free access plots). “+” indicates that the following
presented variable is covarying to explain the changes on the corresponding metric in the
corresponding model. Significant results are in bold.

Alpha diversity indexes (°D, !D and ?D) were significantly higher in exclosure than
free access plots and changed along temporal trajectories. Considering all species (°D), the
richness did not change at begin of the exclosure, but we observed an increase over time
(Table 1, Fig. 3). The exclusion had a positive effect on the diversity of both common (D)
and dominant (2D) species (Table 1, Fig. 3). Thus, the exclosure plots tend to be dominated by
scattered woody communities formed by more frequent species over time. Beta diversity
changed in response to goat exclosure, both considering the presence-based data (Jaccard) or
abundance data (Bray-Curtis) (Table 1, Fig.4). We did not observe beta diversity changes
considering the dominant species. However, for rare species, beta diversity in free access
plots decreased in concern to exclosure (Table 1, Fig. 5). The turnover component was not
affected by goats or by time (Supplementary Material S2 and S3), indicating that there were

no changes in species composition among sites.
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Figure 2. The effect of goat exclosure on recruitment (A) and mortality (B) in the Caatinga dry forest,
Catimbau National Park, Northeast Brazil. Figures show means (£SE) for each treatment and time
from the beginning of the experiment.
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Figure 3. The effect of goat exclosure on alfa diversity index considering the relative abundances of
species in the Caatinga dry forest, Catimbau National Park, Northeast Brazil. q = 0 which reflects
species richness (incidence-based diversity); q = 1 is equivalent to the exponential of Shannon’s
entropy index (abundance-based diversity in which great weight is given to common species); q = 2 is
the equivalent of the inverse of Simpson’s concentration index (abundance-based diversity in which
great weight is given to dominant species). Figures show means (£SE) for each treatment and time
from the beginning of the experiment.
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Figure 5. The effect of goat exclosure on Jaccard beta-diversity for dominant and rare species in the
Caatinga dry forest, Catimbau National Park, Northeast Brazil. Figures show means (+SE) for each
treatment and time from the beginning of the experiment.

4. Discussion

In our study, the 5-year evaluation made it feasible to assess the effect of goats on the

seedling establishment in a human-modified landscape of Caatinga dry forest. Our results

indicate a low-density and taxonomically impoverished woody seedling assemblage mainly
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under goat pressure. Although do not affect the recruitment of new seedlings, we observed
that goats impose higher seedling mortality due to grazing and trampling activities. Over time,
specifically after 2 years of exclusion, we observed an increase in local diversity. Our results
also indicate higher beta diversity in exclusion areas, especially for rare species, which may

be an indication of homogenization in free-access areas.

Livestock production must been pointed as the biggest driver of biodiversity loss and
land productivity, controlling composition and diversity species (Alhamad, 2006; Hanke et
al., 2014; Herrero-Juregui & Oesterheld, 2018). Findings from our study corroborate recent
studies in dry forests that suggest a negative response of seedling assemblages to livestock
grazing (Gao & Carmel, 2020; Kouba et al., 2021). Especially in Caatinga, some studies point
out to negative effects of goats on herbaceous and adult woody strata (Menezes et al., 2021,
Schulz et al., 2018, 2019). The Caatinga seedling assemblage is characterized by low density
and taxonomic impoverishment and most of the species that make up this assemblage are rare
species in the adult community (Vanderlei et al 2022). Here, through a temporal variation, we

were able to detect the negative goat effect at the seedling stage.

In dry forests, the colonization of new areas has been described as an extremely
hazardous process because multiple biotic filters combined with the harsh abiotic conditions
imposed by long dry seasons preventing early seedlings establishment (Vieira & Scariot,
2006). These factors may be the biggest bottlenecks for seedling recruitment, and this could
be the reason why we did not observe goat effects on recruits. Recruits may be more
vulnerable to microclimatic conditions, and seedlings are more likely to be browsed or
tramped (Fenner et al., 1999; Torres & Renison, 2015) which corroborates the higher

mortality rate observed in free-access plots.

Possible reasons for the negative effects of livestock on plant diversity are diverse.
The trampling effect is not selective; thus, all species shall be negatively affected. Direct
effects include the reduction in species numbers by preferred seedlings consumption, which
reduces their abundance and even led to their disappearance (Fenner et al., 1999; Wan et al.,
2015). Furthermore, there may be a decrease because rare species were highly grazed by
animals (W. Li et al., 2015) . The effect of exclosure on the increase of diversity was higher to
°D which can be interpreted as the diversity of rare species. In addition, our data indicated that

the rarest species were absent in goat free access plots (See Supplementary Material S2).
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Although Vanderlei et al (2022) did not observe changes in the seedling assemblage related to
multiple anthropogenic factors (slash-and-burn agriculture, firewood harvesting and
livestock), our study has strong evidence that extensive livestock farming affects the seedling
assemblage, mainly of rare species. Indeed, most of the species that make up this assemblage
are rare species in the adult community (Vanderlei et al 2022). Thus, these animals are
expected to act as a structuring force modulating seedling assembly in dry forest ecosystems.

Extending equal, the beta diversity tends to decrease when rare species disappear from
two sites or when the same species become dominant at two sites (Socolar et al., 2016). Some
studies suggest that grazing in dry forests increases extinction rates by the exclusion of rare
palatable species from the community (OIff & Ritchie, 1998). Although the effect was low,
we observed a decreasing in beta diversity within free access plots, which may contribute to
vegetation homogenization. The fact that beta diversity values were highest among rare
species can indicate that the decrease is caused by the consumption of rare species, a pattern
observed in plant assemblages in dry forests (Merdas et al., 2021). Contrary to our prediction,
the exclusure of goats did not increase species turnover on exclosure plots. A closer look to
species list presents in the exclosure and free access plots allows us to observe that many rare
species appear only once in the collections and these values were enough to cause a
significant change in communities composition, although the effects are observed at local

scale.

This study highlights the effects of goat grazing and trampling on seedling
assemblages of Caatinga dry forest. More specifically, our findings suggest that goats increase
seedling mortality and decrease alpha and beta diversity, mainly of rare species. The temporal
variation covered here (i.e., five years) adds higher power to the observed patterns of seedling
recruitment, mortality, and diversity by considering at least 4 wet-dry cycles in Caatinga dry
forest. These findings indicate goats as an important agent to inhibit or arrest natural
regeneration impairing forest resilience. In general, goats are a source of livelihood for
millions of people who live in dry forests environments and the complete removal of these
animals could lead to food insecurity. Because seedling establishment are key limiting stages
in this dry forest, protecting communities from grazing during opportunity times (i.e., wet
season) could help community recovery. Thus, we recommend a goat management that makes
use of a rotation system. This should be an urgent initiative as human populations across

Caatinga dry forests continue to grow and climate and land use change proceed.
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Supplementary Material S1- List of total seedlings and their abundances for each time
(survey) in free access and exclosure plots in soil of Catimbau National Park, Brazil. Sl is

equivalent to unidentified species
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Supplementary Material S2. Results of repeated measures tests between control and

exclosure plots for the turnover component

Diversity Parameters Estimater Error P value

metric

Sorensen Treatment -0.009133 0.045839 0.843
Time -0.005299 0.002871 0.066
Treatment:Time  -0.003675 0.003588 0.3071

Supplementary Material S3. The effect of goat exclosure on turnover component of beta
diversity (Sorensen). Figures show means (£SE) for each treatment and time from the

beginning of the experiment.
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5 CONSIDERACOES FINAIS

Os resultados encontrados nessa tese fornecem contribuicdes tedricas importantes

acerca do efeito de caprinos sobre o banco de sementes e de plantulas na Caatinga, contribuindo

para o entendimento do processo de regeneracdo em florestas secas. Especificadamente, os

resultados indicam que:

1)

2)

3)

4)

5)

O banco de sementes possui baixa densidade e é extremamente empobrecido, com baixo
percentual de viabilidade e espécies que permanecem no solo por curtos periodos;
Caprinos nao alteram a dinamica do banco de sementes em termos de proporcao de
sementes viaveis, alfa diversidade, beta diversidade, atributos e diversidade funcionais;
Apesar de néo alterarem o banco de sementes, caprinos fortemente afetam a abundancia
de plantulas;

As alteracbes no banco de plantulas ocasionadas pelo pastejo de caprinos estdo
associadas a mortalidade de plantulas, uma vez esses animais ndo afetam o recrutamento
de individuos;

H& um aumento da diversidade local de plantulas relacionada ao tempo de excluséo e
uma reducao da diversidade beta entre as parcelas de acesso livre, principalmente para
espécies raras, 0 que pode ser um indicativo de homogeneizagdo da vegetacdo na

presenca de caprinos.

Considerando que caprinos podem alterar o processo de regeneracao através do consumo

de plantulas, a pratica da pecudria extensiva interfere negativamente na resiliéncia do

ecossistema. Por outro lado, é importante considerar que, assim como nas florestas secas de

todo mundo, as populacBes que habitam nas areas de Caatinga sdo dependentes dos recursos

florestais para consumo préprio e/ou comercializagdo. Assim, um manejo sustentivel dessa

pratica deve ser considerado, a fim de garantir a regeneracdo da floresta e a oferta dos servicos

ecossistémicos.
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